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Industry Perspectives 


Will capital investments 
increase in 2021 and beyond? 


Over the past several years, the world witnessed a signifi- 
cant increase in downstream capacity growth in all sectors of 
the hydrocarbon processing industry (HPI). However, the 
COVID-19 pandemic caused a significant decline in demand 
for transportation fuels and certain petrochemical value chains. 

As governments start to ease lockdown measures, how 
has the global capital expenditure market been affected and 
what are the major trends for the rest of 2021 and beyond? 
These topics will be tackled during Hydrocarbon Processing’s 
Market Outlook: 2021 Update webcast. On June 17, the 
webcast will take a deep dive into capital projects around the 
world and how spending has been affected by COVID-19 
restrictions, as well as how major economic, environmental 
and political trends are shaping and influencing the HPI in 
the near term. 

At present, Gulf Energy Information’s Global Energy Infra- 
structure database is tracking nearly 1,300 projects around the 
world in the refining, petrochemicals and gas processing/LNG 
sectors. These projects represent total capital expenditures of 
nearly $1.8 T. However, after a tumultuous year, many capital 
projects have been deferred, delayed or even abandoned. 

New project numbers also suffered in 2020. According to 
the Construction Boxscore Database, new project announce- 
ments declined from 358 in 2019 to 238 in 2020, represent- 
ing a decrease of approximately 34% year-over-year. However, 
capital freezes due to safety measures taken during COVID-19 
restrictions are being pushed into this year and beyond. New 
project announcements have increased every month since No- 
vember 2020, reaching a S-mos high of 24 in March (FIG. 1). 

Where are these projects and how are governments, organi- 
zations and companies investing in new capital projects? These 
questions will be answered during a deeper look into capital 
markets in the June webcast. To register for the Market Outlook: 
2021 Update webcast, visit HydrocarbonProcessing.com. FP 
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FIG. 1. New project announcements, January 2020-March 2021. 
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LEE NICHOLS, EDITOR-IN-CHIEF/ASSOCIATE PUBLISHER 
Lee.Nichols@HydrocarbonProcessing.com 


Maintenance and reliability: A cornerstone 
of safe and efficient plant operation 


Refineries and petrochemical plants are 
comprised of a series of crucial processes 
to produce transportation fuels, products 
and chemicals demanded by the global 
market. These processes consist of capital- 
intensive units that must be maintained to 
provide reliable performance. Failure to 
adequately maintain these assets can have 
a detrimental effect to not only operations 
and profit, but also to worker safety. 

It is imperative to maintain a robust 
maintenance strategy to ensure these units 
are operating effectively. Equipment fail- 
ures can lead to unit downtime, severely af- 
fecting the plant’s profitability. Therefore, 
maintenance should not be considered an 
expense, but rather a value-added opera- 
tion to ensure unit reliability and uptime. 


Maintenance and reliability special 
focus. Hydrocarbon Processing has dedi- 
cated an entire Special Focus section of 
this issue to this topic—the publication 
also highlights this topic in more than 
60% of the editorial lineup. 

Within this issue, the editors of Hy- 
drocarbon Processing have assembled 
seven technical articles focusing on how 
maintenance can lead to equipment and 
plant reliability: 

« SK Energy provides a detailed study 
on hot spots that occurred in the 
catalysts of the reactors of its residue 
hydrodesulfurization process. This 
phenomenon happened during 
the unit’s end-of-run in early 2019. 
The company’s study modeled the 
hot spots occurrences to analyze 
the temperature effects of the 
catalysts, reactor shells and internal 
parts. The purpose of the study 
was to assess structural stability by 
estimating the exposed temperature 
of reactor internals and the shell 
in the event of similar hot spot 
phenomena in the future, as well 
as to predict corrosivity and devise 


measures during operation. 

¢ Tiipras details anew method for 
the maintenance of the preflash 
distillation column to prevent 
flooding problems. 

« Wood Plc. provides a description 
of fundamental concepts, practices, 
challenges and process checklists 
involved in the process of rerating/ 
restaging centrifugal compressors. 
This practice is necessary to 
ensure the equipment meets any 
new operating requirements, such 
as increased or decreased flow, 
increased or decreased head or a 
combination of both. 

« Engineers at Kuwait Oil Co. and 
The Welding Institute present the 
detrimental effect of a tack weldina 
pressure vessel fabrication, leading 
to fatigue cracking and the eventual 
breach of containment. Welding 
best practices are also showcased 
in Central Mechanical Research 
Institute’s article. 

e Servomex describes how mainte- 
nance and reliability in gas analysis 
equipment increases industrial 
plants’ efficiency and safety. 

+ Finally, an investigation into issues 
with high-velocity gases in piping 
systems—known as isentropic 
or kinetic effects—details several 
case studies to help identify the 
characteristics of isentropic effects 
and how to physically address them, 
thus leading to more reliable and 
safer operations. 


A life-long legacy. The topic of mainte- 
nance and reliability has been a staple in 
the pages of Hydrocarbon Processing since 
its founding more than 99 yr ago. Due to its 
crucial nature of ensuring reliable, efficient 
and safe processing, maintenance and reli- 
ability will continue to be a primary focus 
of this publication for another 100 yr. FP 


INSIDE THIS ISSUE 


1 Maintenance and 
Reliability. Maintenance and 
reliability are an integral part of the 
downstream HPI. Companies must 
maintain the mindset that spending 
to improve reliability and equipment 
conditioning is beneficial to the 
organization. This month’s Special Focus 
provides several ways plants have and 
can optimize reliable operations. 


61 Valves, Pumps and 
Turbomachinery. 


Additional demand and increasing 
complexity of chemical processing plants 
can put considerable stress on pumping 
systems. Considerations to select, 
monitor and maintain pumping systems 
in chemical plants are discussed here. 
6 Instrumentation. 
The makeup of natural gas 

is of great concern to petrochemical 
producers. Contaminants can cause 
a variety of problems, especially when 
combined with water. New analyzers more 
accurately and reliably measure water 
content in natural gas streams. 
8 Safety. The human factor 

has played a significant role 
in processing plant accidents and 
production loss incidents over the past 
60 yr. This article identifies certain 


critical plant activities where mobile 
technologies can advance humane- 


machine interaction. 
8 IRPC Process Technology. 
A sneak-peek of Hydrocarbon 
Processing’s global, virtual International 
Refining and Petrochemical Conference, 
which will focus on the latest 
conventional and energy transition 
processing technologies in the global 
refining and petrochemical industries. 
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J. KRIMMEL, Pinnacle, Houston, Texas 


Business Trends 


The economics of reliability: An interim report 
on the global refining industry 


What is reliability? Most people think reliability is simply 
a measure of failure, or lack of failure. If something runs for a 
longer period without failing, then it is more reliable than some- 
thing that runs for less time. However, reliability is a measure of 
how often something performs when you want it to. 

The basis for the author’s company’s annual and interim 
quarterly reports are to explore the connection between reli- 
ability and economics so that we can understand how these 
key components of modern society intertwine. In doing so, we 
begin to see some striking trends and key indicators of oppor- 
tunity. The goal of these reports is to challenge key industries in 
ways never seen before. 

Most of the world’s industrial facilities buy and sell commod- 
ities. Therefore, they have little impact on the price they pay for 
their feedstocks or the price they receive for their products. The 
nature of every commodity is that producers will fill the market 
with enough product until the margins—or profits—for pro- 
ducing that product decrease to a level that no one will produce 
more. Inevitably, the balance of supply and demand will sepa- 
rate organizations that are very good at running their facilities 
from those that are not. One of the biggest differences between 
these two groups is reliability. 

Whether discussing jet transportation, power generation, 
water processing and treatment, chemicals, mining, oil and gas 
production, refining, automotive manufacturing or agriculture, 
reliability can mean the difference between excellence and me- 
diocrity, and even profitability vs. bankruptcy. 

The author’s company’s analysts estimate operators of com- 
plex facilities around the world spend more than $500 B/yr on 
reliability. The author's goal is to view several of these segments 
in detail and better characterize the role reliability plays in the 
broader economy. 

For decades, lean manufacturing has driven companies and 
operators to improve runtimes, lower costs and minimize risk 
for their facilities. While this push has affected multiple sectors, 
no area has produced as much public data as the refining sector, 
especially in the U.S. The U.S. Energy Information Administra- 
tion (EIA) has collected and reported refining data for decades 
and, when combined with international reports from the Or- 
ganization of the Petroleum Exporting Countries (OPEC) and 
the International Energy Agency (IEA), among others, the level 
of information is unparalleled to other reporting sectors. 


Refining reliability overview: Crack spreads as health 
indicators. A refiner’s financial performance is largely driven 


by two variables: the price of raw feedstock (e.g., crude oil) and 
the price of finished products (e.g., gasoline, diesel and jet fuel). 
As a result, crack spreads—the difference in price between re- 
fined products and chosen inputs—are the most useful indica- 
tors of the health of the refining sector. 

Crack spreads do not account for the cost of running the 
plant. Crack spreads ignore costs for items such as the energy to 
heat and process the feedstock, the people to operate the plant 
and all repair, maintenance and ongoing reliability work. 

If we are mostly interested in reliability, then why do we care 
about crack spreads? More than 80% of the costs for a refinery are 
its feedstock. Crack spreads help us understand what is left over 
when we remove arefiner’s single largest cost from its theoretical 
revenue. This leftover amount is what the refiner uses to cover its 
remaining costs, with ideally some profit remaining at the end. 
As crack spreads widen, the refiner has more capital available to 
invest in its operation or return to its owners. As crack spreads 
narrow, refiners have less flexibility and must make difficult de- 
cisions about how to deploy their limited capital. Crack spreads 
inform about the resources available to invest in best-in-class re- 
liability programs, which is the primary area of interest. 


Refining financial landscape. One measure of crack spreads 
is shown in FIG. 1. The blue line shows the spot price for Brent— 
the international benchmark for light, sweet crude oil. The green 
lines show the crack spread between reformulated blendstock 
for oxygenate blending (RBOB)—the primary component of 
gasoline—and Brent. The solid green line shows the monthly 
average crack spread. The dashed green line shows the crack 
spread’s trailing 1-yr average. 

FIG. 1. shows the volatility through which refiners have 
learned to manage their business. Since the beginning of 2006, 
the smallest monthly average crack spread was $0.01/gal, while 
the largest spread was $1.32/gal. In this 16-yr analysis, the crack 
spread has averaged $0.40/gal. In comparison, the 2020 year- 
to-date average is $0.30/gal, a 25% decline from the historical 
norm. If we use consumer price index data to account for the 
time value of money, the average crack spread from 2006 to the 
present increased to $0.46/gal. In constant dollar terms, the 
2020 year-to-date spread is then at a 35% discount to the his- 
torical average, which explains a large fraction of the prevailing 
distress across the global refining sector. 

Interesting patterns are apparent in this dataset. Starting 
around 2010, aggressive development of U.S. conventional oil 
and gas plays brought excess supply to the market. This sup- 
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FIG. 1. RBOB and crack spreads, January 2006-September 2020. 
Source: U.S. EIA. 


ply glut eventually caused the crude oil price collapse of 2014. 
Conversely, demand did not experience a similar shock, which 
kept product prices from collapsing as aggressively as crude oil 
prices. As a result, crack spreads increased through 2015. Over 
the course ofa year, refined product prices reset to the lower oil 
price regime, which caused crack spreads to return to their nor- 
malized level of around $0.40/gal, where they remained from 
2017 through 2019. 

As noted previously, the 2020 year-to-date crack spread aver- 
age is approximately 35% below historical levels when measured 
in constant dollar terms. The initial decline was triggered by a 
rapid deterioration in refined product consumption, driven by 
government lockdowns as a result to the COVID-19 pandemic. 
Refined product consumption has only weakly recovered as 
government restrictions persist, combined with (at least tem- 
porarily) changed travel preferences among the general popula- 
tion. As a result, crack spreads have witnessed continuous pres- 
sure throughout the year, with the most vulnerable refineries 
experiencing negative margins. 

However, the news is not all bad for refiners. Capacity re- 
ductions will accelerate the pace with which the market nor- 
malizes. As of December 2020, the author’s company’s analysts 
estimate that 2 MMbpd of refining capacity is out of the market 
vs. the beginning of 2019. Therefore, the market should reach a 
healthy balance of consumption and production this year. As- 
suming this to be the case, analysts are forecasting an upward 
trend in refining margins through 2025S. 


Anticipated trends in the refining industry. Looking at 
global reliability spending patterns, the refining market will 
improve but will still face challenges. Regulatory pressures 
will keep growing, placing a lid on potential future margin ex- 
pansion, and slowing upstream production growth will buoy 
feedstock prices and compress margins. In the U.S., natural gas 
prices are edging higher, which may reduce one of the U.S. re- 
fining sector’s largest structural advantages—the cost of energy. 
These pressures may be offset by announcements by companies 
like BP and Shell that say they are exiting refining, but this is not 
anticipated to have an impact for several years. 
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Operational improvements are coming. In the face of ad- 
verse market forces, companies are pushing harder than they 
have in decades to make operational improvements, while si- 
multaneously cutting costs. At the same time, virtually every ma- 
jor oil and gas company is investing heavily in strategic improve- 
ments, especially digital transformation. The author’s company 
estimates that the energy industry—including exploration and 
production, midstream operations and downstream facilities— 
plans to spend $20 B over the next S yr on these projects alone. 
While several challenges exist in achieving operating improve- 
ment, especially in digital infrastructure, there is substantial po- 
tential for this improvement and cost optimization. 


The pace of change is accelerating. For the first time in 
modern history, oil and gas majors began to diverge dramatically 
in their forecast of energy markets in 2020. Environmental, social 
and governance (ESG) pressures have been a dominant topic for 
the past few years. Within the refining industry, ESG pressures 
continue to mount. A difficult economic environment in 2020 
forced virtually every refiner to make massive cuts in spending 
and sparked questions as to the stability of some of the facilities. 
In an industry with a tradition of very slow changes, the future 
leaders will most likely achieve that position due to the pace at 
which they evolve and focus, in part, on improved reliability. 


Takeaways. The author's company estimates that global refin- 
ers spend more than $50 B/yr on reliability-focused activities, 
primarily on routine maintenance efforts and turnaround pro- 
grams. It is also estimated that between 10% and 30% of this 
investment is wasted, meaning it does not improve reliability. 
In some instances, this spending may have a detrimental impact 
on performance, weighing even further against profitability. In 
this sense, suboptimal approaches to reliability costs refiners 
around the world between $5 B/yr-$15S B/yr. 

To optimize reliability, spending and reliable performance 
to minimize risks and maximize profits, a refinery can do four 
things. These include: 

1. Develop consistent, quantitative systems for evaluating 

system performance 

2. Integrate reliability data from a range of sources and 

assets into single-system models to ensure critical 
inputs and influences are identified 

3. Ensure personnel are adopting their work processes 

and utilizing these systems effectively to leverage 
their capabilities 

4. Push past traditional decision processes or practices 

to uncover new opportunities and solutions. 

While these suggestions sound simple, they have proven chal- 
lenging for many refiners. Across the board, those that are doing 
all four of these appear to have both a lower risk profile and a 
higher profitability result, validating the premise that reliability 
is one of the leading indicators of profitable operations. FP 


JEFF KRIMMEL is Director of Market and Data Analysis at Pinnacle. He has 
extensive analytical experience in the commercial and market intelligence 
domains. Before joining Pinnacle, Dr. Krimmel was the Director of Pricing and 
Market Research at Key Energy Services. He has also held various data-driven 
positions in pricing and profitability, strategic marketing and new product 
research and development at Baker Hughes. He earned his PhD in mechanical 
engineering from Caltech, where he used computational approaches to study the 
use of shockwaves in biomedical applications. 
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Pushing the limit can have unexpected consequences 


A prominent manufacturer rediscovered the old axiom, 
“pushing the limit can have unexpected consequences,” after 
experiencing many bearing failures in its 40-hp air blowers. 
These lifetime-lubricated (sealed) bearings had been properly 
installed on 20-mm shafts, and it can be assumed that premium 
greases were being used. However, the blower rotors spin at 
22,000 rpm, and the radial ball bearings did not last very long. 
As one engineer noted, these bearings failures became a costly 
repeat-warranty problem. 

The manufacturer had selected these bearings based on 
load-related information, and the operating loads were well be- 
low the rated or permissible values. Chances are, however, that 
the manufacturer had not consulted FIG. 1, which is related to 
re-lubrication intervals. 

One of the characteristics of mechanical components is their 
designed-in range of application. SKF America published the 
recommended re-greasing intervals in FIG. 1; they are a function 
of bearing bore diameter, shaft speed (rpm) and bearing type. 
The highest rpm for a 20-mm bearing is shown as 16,000 rpm. 
According to FIG. 1, this bearing would need to be re-lubricated 
every 10 hr. Since it is lifetime lubricated and sealed, it cannot 
be re-greased, although it will probably survive a few months of 
operation on a sealed-in charge of premium grease. The curve 
for the same 20-mm bearing operating at 22,000 rpm is off the 
chart. It is reasonable to believe that its L-10 life (the number of 
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FIG. 1. Recommended re-lubrication intervals. Source: SKF! 


operating hours at which 10% of the bearings will have failed) 
may be only a few weeks. 

SKF recommends a “speed factor limit” of $00,000 mm/min 
for either of the angular contact bearings in FIG. 2.' The unsatis- 
factory blower bearings had similar contact angles, as depicted 
on the left side of FIG. 2. Bearings with a variation in contact an- 
gles are shown on the right side of FIG. 2; these probably would 
have given marginally better service. The contention that grease 
lubrication will disappoint is based on the fact that the actual 
speed factor for the bearings at issue is ([20 mm] x [3.14]) mm/ 
revolution x [22,000] revolutions/min = 1,381,600 mm/min. 

Considerable research by bearing experts at FAG/Kugel- 
fischer Georg Schifer in the early 1970s argues against lifetime- 
lubricated sealed bearings long before speeds approach 22,000 
rpm.’ Its authors concluded that re-lubrication, even for open 
bearings and well below 22,000 rpm, would need to be sched- 
uled in intervals measured in weeks, not months. A small, dedi- 
cated, closed-circuit oil mist module would be well suited for 
this blower and its 1,381,600 speed factor. FP 


LITERATURE CITED 
' SKF, SKF General Catalogue, “5,000 E,” June 2003. 
* Eschmann, P., L. Hasbargen and K. Weigand, Ball and Roller Bearings—Theory, 
Design, and Application, 1st Ed., John Wiley & Sons, Hoboken, New Jersey, January 
1985. 
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FIG. 2. Competent bearing manufacturers design contact angles to 
ascertain favorable rolling motion and minimize skidding. Source: SKF. 
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Case 112: Remote failure analysis consulting 


An article on “Remote training of personnel”? is interest- 
ing and appropriate at this time of COVID-19. It outlines the 
difficulties in presenting remote training courses and suggests 
methods that can help. 


Challenges of remote consulting. As an independent con- 
sultant, I can relate to the ideas presented in this article. I former- 
ly presented worldwide engineering failure analysis seminars to 
industry onsite as part of my consulting work. The satisfaction 
came in talking to the participants and recognizing when they 
had questions. These seminars lasted a full day and included a 
PowerPoint presentation, whiteboard explanations, group prob- 
lem-solving, demonstrations and frequent breaks. This type of 
approach does not work as well in a remote presentation. 

While I do not present at seminars any more, I still perform 
failure analysis consulting of machinery and fixed equipment. 
No matter how far technology advances, equipment still experi- 
ences failures. I had conducted my failure analysis consulting 
onsite, like my seminars, until recently when this type of work 
transitioned to remote. It is difficult working this way for many 
of the same reasons that remote training is less than optimum. 

Remote consulting is just that. The consultant is not pres- 
ent to personally interface with the failure investigation team 
members, analyze the field failure data, review drawings in 
detail, talk with onsite personnel, perform testing, follow the 
progress of repairs and other items that are usually necessary. 
Instead, these functions must be performed by onsite plant 
personnel and the appropriate information must be relayed 
to the consultant. The consultant has only this information to 
work with, and any recommendations are limited to the data 
received. It is difficult to obtain the desired details over the 
telephone or internet. In the case of erroneous or missing data, 
the consultant’s conclusions can be incomplete. 


Benefits of remote consulting. On the other hand, some 
benefits do exist for remote failure analysis using a consultant: 
¢ Consultants analyze a variety of failures as their major 
activity, and have probably seen a similar failure and 

its solution already. The consultant can explain this 
failure to the team without being onsite. 

¢ The consultant might have a different toolkit than 
the client company, such as finite element, structural, 
gear analysis, fracture analysis and torsional analysis 
programs or material evaluation. 

¢ The consultant might be able to remotely direct the team 
to items not previously considered. 

« The work can be limited to simply answering questions 
from the investigation team. In this respect, consulting 
can be more like mentoring. 


¢ The cost of travel, time onsite, errors and omissions 
liability insurance, and personal insurance may not be 
included in the billing rate when consulting remotely. 

Independent consultants are often used when the client com- 
pany has personal knowledge of their capabilities. This type of 
consultant is a person with a high level of problem-solving ex- 
perience who may be very familiar with the equipment and pro- 
cess at the client’s location. The consultant may have even retired 
from the company or a similar industry. 

With an initial telephone or internet contact, the potential cli- 
ent outlines the problem and may present data to show the extent. 
The consultant may be asked to perform specific tasks outlined 
by the failure investigation team or suggested by the consultant. 

The consultant will then explain what can be done, the ex- 
pected timing and the maximum billing expected for the agreed- 
upon proposal. In cases where an agreement is made, work will 
proceed on receipt of ajob contract and purchase order. 

When the job is outside the scope of the independent con- 
sultant’s capabilities, a larger, established consulting firm may 
be recommended. For example, as an individual consultant I 
will not usually accept jobs where severe injuries have occurred 
and the cause needed to be determined. Those types of inves- 
tigations can quickly expand outside the scope of the agreed- 
upon proposal. 

Larger consulting firms with specialists covering several 
specific fields are usually selected on jobs that require onsite 
personnel and liability insurance or jobs that require onsite 
evaluation, testing or possibly court appearances as an expert 
trial consultant. 

While remote failure analysis might not be right for every 
company, it is worth discussing with a consultant on the next 
failure that requires assistance. The consultant may be able to 
provide the team with additional help. FP 


NOTE 
Case 111 was published in HP March 2021. For past cases, please visit 
www.HydrocarbonProcessing.com. 
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It was the best of times 


“It was the best of times, it was the 
worst of times, it was the age of wisdom, it 
was the age of foolishness ...”. Fortunately, 
this opening line from A Tale of Two Cities 
does not often present itself as an appro- 
priate analogy to the oil and gas industry. 
Yet, here we are. 

The industry is experiencing a perfect 
storm of events, and they are all moving 
in different directions. Within all these 
conflicting circumstances, there is both 
opportunity and risk—the best of times 
for some and the worst of times for others. 

Enabled by fracking, horizontal drill- 
ing and many other, lesser-known tech- 
nologies, a shift in global oil and gas 
supply chains has taken place in recent, 
pre-COVID times in the U.S. It has elevat- 
ed the country to a world leader in oil and 
gas production and has provided sover- 
eign certainty regarding the domestic, hy- 
drocarbon supply chain. However, pow- 
erful lobbying groups have vowed to ban 
fracking, putting the industry at risk. The 
shale boom started the slow but steady 
transition of petrochemical industry man- 
ufacturing to the U.S.—with its ‘lower for 
longer’ gas prices—and away from manu- 
facturing locations with cheaper labor. 

COVID lock downs caused a drastic 
decline in global jet fuel consumption, 
while travel bans devastated many domes- 
tic and global airline companies. Those 
have led to refiners fighting for survival, 
some unsuccessfully. 

Capital for upstream projects will most 
likely favor the lower-risk expansion of ex- 
isting fields over the development of new 
exploration plays. Some small- to medi- 
um-cap companies focusing purely on new 
plays will invariably go out of business. 

A combination of COVID and the 
US.-China trade war is leading many com- 
panies to reassess their global supply chain 
risks. For bulk-manufactured commodi- 
ties, this will likely lead to an increased 
flight of capital from China to alternative, 
low-cost countries such as India and Viet- 
nam. For high-tech manufactured goods, 


this flight of capital will likely favor Japan, 
Korea and Taiwan. 

The re-evaluation of sovereign risk by 
all countries will also likely lead to a resur- 
gence in several domestic manufacturing 
sectors that globalization had been erod- 
ing for some time. 

Energy security will continue to be a 
focus with an increasing understanding by 
the population of the duck curve nature 
of renewable energy and that the ultimate 
enabler of renewables is natural gas. That 
is slowly shifting to hydrogen; however, 
while hydrogen is clean, it is expensive. 

This global oil and gas realignment 
could also result in a global supply chain 
shift as petrochemical and polymer 
manufacturing migrates. No matter how 
much we consume hydrogen, we still 
need hydrocarbons to produce the poly- 
mers that are used in everything from 
clothing and cars to building materials, 
not to mention flying planeloads of peo- 
ple around the world. 

Add digitalization to the mix. The in- 
dustry has at its disposal an unprecedent- 
ed array of disruptive technologies and it 
is exploiting their value more quickly than 
ever before. The pursuit and adoption of 
these technologies exists in the context of 
a digitalization journey that is driven by 
both internal and external factors. Ulti- 
mately, it supports the quest for superior 
results in a sustained manner. 

The drive toward semi- and fully-au- 
tonomous operations in the oil and gas 
and petrochemicals industries is forcing 
operating companies to seek digital plat- 
forms and fully adopt disruptive, digital 
technologies as the normal way of doing 
business. The technologies allow them to 
bring together capabilities in real-time data 
capture and processing, information flows 
and integrated execution with process sim- 
ulation capabilities, technical savvy and a 
deep knowledge of business value drivers. 

Many companies in the oil and gas, pet- 
rochemical and associated service indus- 
tries have been implementing workflow 


best practices and slowly progressing to- 
wards more flexible operating procedures. 
This has been a work in process for years. 
Who would have thought we could sud- 
denly all do it in 6 mos? The impossible a 
year ago is, today, practically fait accompli. 
Of course, this is still a bit of an overstate- 
ment. Many wrinkles remain to be ironed 
out regarding efficiencies, who best works 
remotely and who should work onsite. 

Due to the COVID pandemic, the oil 
and gas and petrochemicals industries 
will digitalize much more quickly. The 
path from manual to automatic to autono- 
mous is now the path for all as we aim to 
survive and ready ourselves to thrive in a 
post-COVID world. 

A post-COVID world will consume 
fewer hydrocarbons per capita than it did 
before. More people will continue work- 
ing from home or will travel to an office or 
site less frequently. Business air travel will 
not cease but will surely decrease as we 
are now far more tolerant of meeting on- 
line. This is not a bad thing. The use of hy- 
drocarbons is here to stay for a long time, 
but their consumption has permanently 
changed and will continue to change. 

How will the oil and gas industry take 
advantage of these opportunities and 
manage the risks? By now, the industry 
should be very good at all this; however, 
dealing with the entire perfect storm of 
new circumstances, simultaneously, will 
test us all. HP 
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Cleaning distillation column and heat exchangers 
through cutter stock circulation 


The Tiipras Izmit refinery’s largest crude distillation unit 
(CDU) is designed with a preflash column prior to the atmo- 
spheric distillation column. The preflash column regularly suf- 
fers flooding problems, followed by high pressure drop that 
results in the discoloration of light straight-run naphtha prod- 
uct. The problem occurs due to organic fouling and choking of 
column trays, which causes a shutdown due to off-specification 
products. The unit shutdown includes all the required precau- 
tions (steam-out phase, blinding, etc.) for the safe entry to the 
preflash column. These precautions, along with mechanical 
cleaning of the column, extend shutdown time to nearly 10 d, 
which significantly impacts refinery margins. 

In December 2019, the CDU was again forced to shut down 
due to severe fouling of trays. A new method was applied, instead 
of mechanical cleaning, to eliminate foulants. The maintenance 
of the column lasted nearly 3 d, with promising results. Not only 
were shutdown time and production cuts significantly reduced, 
but also the fouling-prone heat exchangers and preflash column 
heater tubes were cleaned within this time frame. This article 
describes the details of the new method for the maintenance of 
the preflash distillation column. 


Operational background. The CDU is the largest, by capac- 
ity, and has a more energy efficient design than other CDUs 
in the refinery. The CDU has a preflash column upstream of 
the crude preheat furnace that removes light fractions of crude 
oil to reduce duty required by the furnace and to minimize the 
pressure of the main distillation column. 
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FIG. 1. The debutanizer feed vs. the preflash column AP 


However, the CDU’s preflash column trays are known to 
have poor resistance against fouling problems. The column has 
a history of shutdowns—around once every 2 yr, on average— 
because of high pressure drop resulting from severe fouling on 
the trays. During the refinery’s 2018 turnaround, the floating 
valve trays in the preflash column were replaced with fouling- 
resistant, fixed-valve trays with wider openings. However the 
problem appeared again a few months after startup. 


Problem definition. The CDU had faced tray contamination 
problems three times during the period between two turn- 
arounds in 2014 and 2018, therefore it had to experience two 
breakdown maintenances within this time frame. Although 
there was a fouling problem followed by a high pressure drop 
through the column prior to the 2018 turnaround, it did not 
require downtime since maintenance was scheduled to be per- 
formed. The unit suffered similar fouling problems in the pre- 
flash column before 2014, which was resolved by mechanical 
cleaning that took 10 d of downtime. 

During the 2018 turnaround, the floating valve trays of pre- 
flash column were replaced with fouling-resistant trays, which 
are not prone to contamination because they have wider tray 
openings that create lower pressure difference. These trays help 
avoid downtime from tray contamination in the preflash col- 
umn. The new trays reduced the AP value from 0.15 kg/cm’ to 
0.1 kg/cm’, which led to a decrease in pressure drop along the 
column. After replacing the column trays, even light crudes with 
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FIG. 2. The slop feed amount vs. preflash column pressure drop. 
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high amounts of naphtha did not cause a high pressure drop in 
the column, contrary to what had been experienced before. FIG. 
1 represents the relation between pressure drop along the col- 
umn and debutaniser feed volume. 

In June 2019, when the incident occurred for the first time, a 
high amount of slop (6% of the feed rate) was processed, includ- 
ing cracked products formed during the startup of the cracking 
units, which had undergone a turnaround the previous month. 
The slop included coker products, especially coker naphtha, 
which may have been responsible for the rapid fouling in the 
preflash column due to its molecular structure. The amount of 
slop processed and the change in pressure drop through the pre- 
flash column are shown in FIG. 2. 

In a similar way, the increase in the pressure drop through 
the column had been observed after processing the slop prod- 
ucts formed by the cracking units in 2015 and 2017. All these 
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FIG. 3. Preflash column process flow diagram. 
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FIG. 4. Clean and dirty cutter stock samples after four circulations. 


findings are indications that slop products produced from the 
cracking units may have caused foulants on the trays and, there- 
fore, an increase in the pressure drop. Another reason for the 
fouling might be asphaltene precipitation. Light opportunity 
crudes are blended with heavy opportunity crudes, making the 
processed blend prone to asphaltene precipitation, which can 
lead to fouling on trays. 


Preparation and application. The aim was to minimize down- 
time for the CDU with the highest crude processing. The mainte- 
nance history of the preflash column shows that the mechanical 
cleaning takes at least 10 d, with many hours needed for blinding, 
access opening, cleaning, steam-out, etc. The heated cutter stock 
circulation was considered for removing and dissolving foulants 
on the tray and for minimizing the downtime of the unit. Light- 
cycle gasoil, a product of fluid catalytic cracking unit (FCCU), 
was used as cutter stock because of its solvent properties. 
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FIG. 5. Pressure drop of preflash column vs. crude oil feed flow before 
and after cleaning. 
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FIG. 6. Pressure drop of preflash column vs. debutanizer feed flow 
before and after cleaning. 


TABLE 1. Cutter stock sample results 


Tests Clean cutter ctock First circulation Second circulation Third circulation Fourth circulation 
Asphaltenes, % m/m 0) 0.12 0.041 0.033 0.01 
Carbon residue, % m/m 0) 0.42 0.12 0.48 0.02 
API 24.4 25.5 24.8 28.1 32.9 
Viscosity, mm?/s 1.597 1.785 1.627 1.697 1.822 
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To minimize downtime, preparations were made prior to re- 
ducing the feed rate. The outlet of the spare main column fur- 
nace pump was connected to the outlet of the preflash column 
overhead reflux pump to create a closed loop (FIG. 3), while the 
other two pumps—the main column furnace pump and over- 
head reflux pump, both with electric motors—were in opera- 
tion. Only the spool connection was completed after the shut- 
down for the sake of operational safety, since leakage through 
the gate valve would be too risky. 

After the unit shutdown, the cutter stock pumps were start- 
ed, and the column was flushed with cutter stock to the slop 
tank. The flushing was followed by column loading with cut- 
ter stock. The column was filled to the top (approximately 
80%-90%) with cutter stock while the spool connection was 
completed, making the closed loop. The loading of the entire 
column took 5 hr-6 hr. 

The cutter stock circulation between the preflash column 
and the reboiler furnace started through the reboiler furnace 
pump after 80% of the column bottom level was reached. The 
cutter stock flow was heated to 180°C to increase the solvency of 
the cutter stock. The level of the column was indicated through 
a calculation making use of pressure transmitters located at the 
top and bottom of the column according to the formula in Eq. 
1, where pressure values are given in kg/cm? and 0.8 is approxi- 
mately the specific gravity of the heated cutter stock: 


1 (kg / cm?) = 10,000 mm H,O = 10m H,O 
Level = (P, — P,) / (0.8 S.G. x 0.1) (1) 


After the spool connection was completed and the level 
was increased in the preflash column, the main column fur- 
nace pump was started to make the cutter stock fluid circulate 
through the overhead line and upper trays of the column. The 
cutter stock temperature was observed by the temperature in- 
dicator at the flash zone. To prohibit the fluid from boiling, the 
cutter stock temperature was not allowed to exceed 180°C. The 
circulation at 180°C lasted around 10 hr, followed by column 
draining. The column was drained with the main column fur- 
nace pump to the slop tank in nearly 2 hr. 

After column draining, an entire cycle is fulfilled in a 16 
hr-20 hr time range. The same phases (loading, circulating and 
draining) were repeated for the second, third and fourth circula- 
tion. After draining of the fourth circulation, the unit was ready 
for startup. The last drain was made through the heat exchang- 
ers to eradicate organic foulants in the heat exchanger tubes. 


Takeaway. In total, four circulations were carried out. After 
each circulation, a sample from the dirty cutter stock was ana- 
lyzed for asphaltene, carbon residue, API gravity and viscosity. 
The results are shown in TABLE 1. 

According to the sample results, asphaltene values decreased 
after the fourth circulation and then became negligible. In the 
third and fourth circulations, light diesel and kerosene were 
used as cutter stock instead of LCGO since LCGO product vol- 
ume was inadequate. The low LCGO volume was the reason 
for the increase in API and viscosity values after the third cir- 
culation. Carbon residue declined, as well, except for the third 
circulation sample. As shown in FIG. 4, the color of the fourth 
sample was detected to be lighter than prior samples, indicating 
the cleaning of column and heater tubes. 


Maintenance and Reliability FP 


Before this application, feed to the CDU was reduced due to 
high pressure drop at the preflash column, especially when the 
crude oil blend contained a greater quantity of lighter products. 
However, the problem was eliminated after the successful ap- 
plication. The unit was shut down for 3 d of maintenance (FIG. 5 
and FIG. 6) instead of reducing feed. 

In addition to this solution, the use of cutter stock as a sol- 
vent during these circulations had a cleaning effect on not just 
the preflash column but the heat exchangers, reboiler furnace 
and pipelines. The cutter stock was drained after the fourth 
circulation through the heat exchangers to clean them. After 
startup, the heat exchanger’s heat transfer performance was im- 
proved—the heat transfer duty was improved by 0.35 Gcal/hr. 

The downtime of the unit was reduced by a total of S d. The 
maintanence required less labor, with a better method in terms 
of health and safety. Additionally, energy gain was achieved due 
to the cleaning of heater tubes and heat exchangers with cutter 
stock. This application is promising in terms of production and 
energy savings. FP 
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Stability evaluation of hot spots in the 
RDS process reactor 


During the end-of-run (EOR) pe- 
riod of the authors’ company’s residue 
hydrodesulfurization (RDS) process 
in early February 2019, some hot spots 
occurred in the catalysts of the reactors. 
The normal operating temperatures of 
the catalytic bed of the reactors are about 
370°C-400°C, and the temperature 
gradually rises as the severity of the pro- 
cess increases during the EOR period. 
However, the temperatures at that time 
reached 600°C-1,100°C. Fortunately, 
the planned shutdown of the process 
was in March, so personnel were able to 
adjust the operational conditions for the 
remaining month. 

Impurities such as metal, sulfur and 
asphaltene accumulate in the catalysts, 
resulting in uneven feedstock flow. Areas 
that are not in contact with the feedstock 
undergo a rapid exothermic reaction 
inside, which is called a “hot spot” phe- 
nomenon. It occurs occasionally during 
the EOR period because a lot of impuri- 
ties accumulate in the catalysts and the 
operational severity of the process is in- 
creased to fully use the remaining cata- 
lyst life. In addition, if the catalyst load- 
ing quality is poor, it rarely appears, even 
during normal operation. 

When a hot spot occurs, the bed 
temperature rises rapidly in a short time 
due to a rapid heat reaction, and the 
range is expanded and continuously de- 
teriorated. The inside of a hot spot mass 
comprises a solid chunk of coke and 
is made worse by not penetrating the 
feedstock coolant. 

In this study, the authors modeled hot 
spot phenomena experienced to analyze 
the temperature effects of the catalysts, 
reactor shells and internal parts. This 
was completed through computational 
fluid dynamics (CFD) analysis and, 


with finite element analysis (FEA) tech- 
niques, these results were used to evalu- 
ate structural reliability. Also reviewed 
was the corrosion mechanism of internal 
structures exposed at high temperatures 
during this time. 

Ultimately, the purpose of this study 
was to assess structural stability by esti- 
mating the exposed temperature of reac- 
tor internals and the shell in the event of 
similar hot spot phenomena in the fu- 
ture—and to predict corrosivity and de- 
vise measures during operation. In other 
words, if an abnormal temperature zone 
occurs due to a hot spot, then an opera- 
tional guide could be provided to deter- 
mine whether the process can be oper- 
ated continuously or if feedstock supply 
must be halted and measures taken (such 
as nitrogen cooling). 


Hot spots. Hot spot cases are very di- 
verse, and their characteristics may differ 
depending on shape, temperature and 
location of occurrence. Hot spot siz- 
ing is not easy, but it can be estimated 
using thermocouples for temperature 
sensing of catalysts. It could be easier if 
thermocouples for multi-point sensing 
were installed. The actual size can be 
checked during the catalyst replacement 
work during a shutdown. The hot spot 
area rises rapidly in a short time and is 
observed as a hard coke mass. 
The analysis was done in three stages. 
These include: 
1. The temperature profile— 
in axial and radial directions— 
was analyzed through CFD after 
modeling hot spots. The authors 
compared several items to find 


TABLE 1. Variable for CFD analysis 


Condition 


Description/properties 


Hot spot location 


Axial direction: 500 mm above the interbeam 


Axial direction: 900 mm above the outlet collector 


Radial direction: 50 mm away from the wall 


Hot spot shape 


Spherical, having diameters of 500 mm, 1,000 mm and 1,500 mm 


Hot spot temperature 800°C-1,100°C 


Feed phase Single phase 


Feed velocity 0.0031 m/sec 


Viscosity 


0.000023 Pascal second (Pa-sec) 


Catalyst thermal conductivity 


0.25 watts/m Kelvin (W/mk)* vs. 12 W/mK vs. 25 W/mk** 


Specific heat 1,886.7 J/K/kg 


Feedstock temperature 400°C 


Ambient temperature 21°C 


Shell outside 


Adiabatic condition 


*Thermal conductivity for coke in literature 


**Thermal conductivity reflecting the temperature change (10°/cm) in the radial direction experienced by SK Energy 
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the best model, since there were 
a wide variety of cases. 

2. It was possible to know the 
exposure temperature of the 
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FIG. 1. CFD modeling. 
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surrounding structures through 
CED of hot spot modeling. 
The mechanical stability of 
the structure was evaluated 
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FIG. 2. Temperature profile for sizing hot spots. 


Temperature profile in axial direction 


Distance 50mm | 150mm | 250mm | 350mm 
from wall 

Max fy 

temperature 482.2°C | 4413°C | 425.3°C | 414.8°C 


Design temperature: 454°C 


FIG. 3. Inside wall temperature. 
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by reflecting this exposure 
temperature through the FEA 
method. It was the structure 
affected by the shell, interbed 
beam and outlet collector. 

3. The important item was 
the corrosion review. In 
general, Tp347 is a corrosion- 
resistant stainless steel in the 
typical operating envelope 
of a hydroprocessing 
reactor. However, at elevated 
temperatures above the design 
condition, Tp347 is known to be 
susceptible to high-temperature 
corrosion and/or metallurgical 
change associated with chromium 
carbide precipitation. 


Temperature profile analysis of cata- 
lysts andstructures by CFD modeling. 
The purpose of this test is to check the 
temperature profile in the downward and 
radial directions, according to the hot 
spot conditions. The modeling selected a 
reactor having an interbed beam. The as- 
sumed conditions for CFD modeling are 
shown in TABLE 1. 

The structure of the reactor, the hot 
spot size and location are shown in FIG. 1. It 
consists of two catalyst beds and an inter- 
bed in the middle of the reactor. The bot- 
tom head has an outlet collector installed. 
The shell is made of 2.25 Cr-1 Mo steel 
with a Tp347 weld deposit, and the inter- 
nal structure is made of Tp347 material. 

The following are the results of the 
CFD modeling: 

¢ Temperature profile of the axial 

direction: The lower direction 

of the hot spot showed a long 
tail-type temperature profile 

(FIG. 2). Three models were found 
to be affected by temperatures up 
to about 7,000 mm in the lower 
direction. Higher temperatures 
will result in longer temperature 
distances, and larger sizes will 

also result in longer lengths. 
When a hot spot occurs, the lower 
structure (ie., the interbed beam 
and outlet collector) is directly 
affected by the temperature. It 

is seen that this is related to the 
directional flow of the feedstock, 
and it can be estimated that a long 
tail-shaped temperature profile 
can be seen in the lower direction. 
However, it was only possible to 


confirm how far the influence 
would be through this modeling. 
¢ Temperature profile of the 
radial direction: Conversely, the 
temperature effect in the radial 
direction was very limited. If the 
hot spot was only 150 mm away 
from the reactor wall, the wall 
temperature could be reduced 
below the design temperature 
(FIG. 3). This is closely related 
to the directional flow of the 
feedstock, which seems to 
rapidly reduce the range of high- 
temperature areas as feedstock 
flows from the top to bottom. 
This means that, even if the hot 
spot location is close to the wall, 
the temperature increase of the 
wall does not have to be a concern. 
In fact, in the authors’ experience, 
an increase in wall temperature 
was not detected. 

In the structural analysis of the 
reactor wall, the hot spot case at 
50 mm was considered. A peculiar 
item is that the point where the 
maximum temperature appears 
is not the area of the hot spot 
occurrence. Since the maximum 
temperature area appeared 
below approximately 1.8 m, it 
is necessary to take this into 
account when checking the actual 
shell temperature. This can be 
confirmed in the CFD temperature 
profile on the right side of FIG. 3. 
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which can be used for various hot spot 
sizes—is prepared to estimate the expo- 
sure temperature of the lower structure, 
by distance, according to the hot spot 
size and temperature (FIG. 4). The expo- 
sure temperature of the lower structure is 
50°C-160°C lower than the hot spot in- 
dicator temperature. For example, with a 
hot spot of 900°C, the exposure tempera- 
ture of the lower structure can be predict- 
ed to be as high as 750°C-840°C. 


Evaluation of the shell and interior 
structure stability through FEA. A 
structural stability evaluation was per- 
formed on the reactor wall, interbed 
beam and outlet collector. Only 800°C 
and 500-mm diameters were considered 
for the shell and outlet collector, while 
500 mm, 1,000 mm and 1,500 mm were 
considered for the interbed beam. The 
standard ASME VIII, Div. 2 Part 5 speci- 
fication was applied to the analysis. 

The shell’s material comprises 2.25Cr- 
Mo steel with thermal conductivity of 35 
W/mK, and the internal structures are 
composed of Tp347 steel with thermal 
conductivity of 25 W/mK. 

Evaluation results. The following are 
the results of the evaluation: 

¢ Reactor wall: Consider when a 

hot spot mass with a temperature 
of 800°C and a $00-mm diameter 
exists 50 mm away from the 

wall. As a result of the analysis, 


Wall temperature, °C 


the maximum stress caused by 

the hot spot was 322 MPa—and 
there were no problems, as it was 
below the acceptance criteria of 
331 MPa. It was analyzed that the 
maximum stress was applied inside 
of SCL-A-2-L1; whereas, it was 
found that lower stress was applied 
at the maximum temperature 
point (SCL-A-2-L2). The previous 
CED analysis indicated that the 
maximum surface temperature of 
the wall was located at the lower 
part of a certain distance, not at the 
point of the hot spot occurrence. 
The stress analysis results were 
similar (FIG. 5). 

Interbed beam: The top of the 
interbeam’s center showed the 
highest temperature (750°C), 

with a stress of 48.6 MPa (less 

than the allowable stress of 230 
MPa). Conversely, the maximum 
stress at the bottom of the beam’s 
center was 172 MPa (less than the 
allowable stress of 315 MPa), and 
the temperature was 638°C. The 
maximum temperature was at the 
top, but the maximum stress was at 
the bottom. Although the surface 
temperature of the upper part of 
the beam was at its maximum due 
to the hot spot, it was in line with 
the expectation that the maximum 
bending stress would be the 


To summarize the CFD results, the 
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FIG. 4. Maximum surface temperature of the 
internal structure according to hot spot size 


and temperature. FIG. 5. Stress at the reactor wall. 
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bottom point of the beam (FIG. 6). 
Outlet collector: As a result of the 
evaluation of the outlet collector, 
the maximum temperature area 
was 551.6°C with the structure’s 
top, but the calculated stress 

value was 82 MPa (less than the 
allowable stress of 354 MPa), 
which was enough (FIG. 7). 
Conversely, the bottom area had 

a maximum calculated stress of 
337.2 MPa (less than the allowable 


|) SEPOWNTS meter 
| 749.84 


Beam temperature, °C 


FIG. 6. Stress at the interbed beam. 
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stress of 396 MPa). This area was 
where the maximum bending 
stress was applied, as shown in 
the inter-beam analysis. In other 
words, the surface temperature at 
the top of the structure exceeded 
the design conditions due to the 
hot spot, but it was not the area 
where the maximum stress was 


applied, so it could be assessed that 


there was no significant impact on 
the stability of the structure. 


Stress check MPa 
Material SA182 F347 
Point A B C D 
ee 635.5 | 638.4 | 749.8 | 400.08 
Cal. stress 163.8 | 172.6 | 48.6 | 146.7 
Allowable stress| 326.9 | 315 230 | 397.5 
Result OK OK OK 0K 


S, Mises 

(Avg: 75%) 
172.55 
158.85 
145.16 
131.46 
117.76 
104.07 
90.37 
76.68 
62.98 
49.29 
35.59 
21.9 


8.28 


Beam temperature, °C 


FIG. 7. Stress at the outlet collector. 


Stress check MPa 


Material SA182 F347 
Point A B C 


Metal 
temperature, °C 5516 


Cal. stress 


Allowable stress) 396 354 396 
Result OK 0K OK 


S, Mises 

(Avg: 75%) 
342.66 
314.14 
285.61 
257.08 
228.56 
200.03 
171.51 
142.98 
114.46 
85.93 
51.4 
28.88 
0.35 


Summarizing the structural stability 
evaluation results, the surface tempera- 
ture of the shell wall, interbed beam and 
outlet collector structure exceeded the 
design temperature by the hot spot. It 
was decided that there were no struc- 
tural stability problems, even if the tem- 
perature of some of the shell and internal 
structures exceeded the design standard 
due to the hot spot effect. The cause 
seemed to be that the maximum tem- 
perature point and the maximum stress 
point did not coincide in the structure. 
In other words, due to the hot spot, the 
temperature exceeded the design condi- 
tions locally, but there was no problem 
with the stability of the structure. 


Corrosion analysis. A review of the 
corrosion environment is essential, even 
if structural stability assessment results 
are satisfied. The internal structure is 
composed of a part supporting the load, 
a beam, a supporting bar and a mesh 
screen that simply prevents catalysts 
from passing through. A thermowell pipe 
is installed to measure the temperature. 
If these parts are severely damaged by 
corrosion or cracks, then catalyst leaks 
or structure collapse may occur during 
operation, and repair or replacement 
may be long and expensive. In particu- 
lar, the thin mesh screen is susceptible 
to damage and, if the gap is widened and 
the catalyst escapes, normal operation is 
not possible. 

In normal operating conditions, cor- 
rosion of the internal parts (Tp347 steel) 
rarely occurs, so no special care is taken. 
However, the problem changes at high 
temperatures above 500°C. If this tem- 
perature is exceeded, high-temperature 
sulfidation (HTS) corrosion and/or 
polythionic acid stress corrosion crack- 
ing (PASCC), induced by sensitization, 


Screen of outlet collector 


Thermowell pipe 


FIG. 8. Corrosion at the internal parts. 
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may occur. While HTS is a well-known 
corrosion phenomenon within the typi- 
cal operating range of a hydroprocessing 
unit, corrosion data above the design 
temperature of the reactor (454°C) is 
limited, especially for austenitic stainless 
steel. The corrosion rate of Tp347 stain- 
less steel at 500°C-600°C has a maxi- 
mum of 60 mils/yr. However, this value 
has a low confidence level because it is 
calculated by extrapolation. 

In the authors’ case, the process ran 
for about a month after the hot spot 
occurred. As a result of the inspection 
of the internal structure during shut- 
down, a severe corrosion phenomenon 
was found on part of the mesh screen of 
the outlet collector and on several ther- 
mowell pipes on the wall. Even with the 
austenitic stainless-steel material, it was 
found that corrosion may occur within 
a short period of time under hot spot 
conditions where the temperature rises 
rapidly. As shown in FIG. 8, the mesh 
screen had a wider gap, and some of the 
mesh was completely corroded. If ex- 
posed for a longer period, the catalyst 
above may have been lost. Although the 
thermowell pipe was 3-mm thick, it was 
completely corroded within a short pe- 
riod of time, and high-temperature cor- 
rosion was accelerated by carburization 
and metal dusting phenomena. Based on 
the authors’ inspection data, the amount 
of corrosion was acceptable when the 
exposed metal temperatures were below 
700°C, and the duration of high-temper- 
ature exposure was less than 1 mos. 

In the case of PASCC, it is known 
that sensitization occurs first and con- 
tact with polythionic acid is required. 
Sensitization occurs more frequently 
with higher temperatures. According to 
literature, austenitic 347 stainless steel 
can be exposed at 495°C for 10,000 hr, 
but at 530°C for only 1,700 hr. In the 
authors’ case, the microstructure of the 
bolting bar—which is a part of the bot- 
tom collector assembly—was inspected 
using the filed replication technique. 
It was found that there were no signs 
of sensitization, even though corro- 
sion was spotted at the nearby mesh. 
Note: The microstructural review was 
conducted after replacing corroded/ 
damaged internal parts. Therefore, the 
authors believe that the remaining part 
of the reactor internal, which was not 
replaced, still maintains enough PAS- 
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CC resistance because the temperature 
and duration of the hot spot were not 
enough to cause sensitization. 

In summary, the possibility of HTS 
corrosion should be kept in mind, even 
if the hot spot period is a short duration. 
Furthermore, high-temperature exposure 
may cause sensitization of austenitic stain- 
less steel, but the level of damage should 
be carefully reviewed by metallography. 

Considering the exposure tempera- 
ture, time and area, the authors decided 
to maintain a temperature of 650°C. 
Corrosion testing under the same condi- 
tions—high temperatures with high sul- 
fur—was not easy. Only a hardness com- 
parison was made through simple heat 
treatment experiments, and some of the 
650°C limit was reflected. 


Takeaway. CFD modeling of hot spot 
cases in the RDS reactor catalysts was 
performed to analyze temperature pro- 
files for catalysts, reactor walls and in- 
ternal structures. Accordingly, structural 
stability was evaluated through FEA for 
structures where temperature increases 
locally. Corrosion under this condition 
was also identified, and the following 
conclusions were drawn: 

« The larger the hot spot size or the 
higher the internal temperature, 
the larger the temperature area 
of the axial direction—and the 
temperature of the lower internal 
structure increases locally. In the 
downward direction, the influence 
of temperature was confirmed 
to about 7,000 mm, as it was 
affected by the directional flow 
of feedstock. 

« Conversely, the effect of 
temperature in the radial direction 
was relatively small. Even if it 
is only about 150 mm away, it 
has been cooled rapidly below 
the design temperature. This 
means that, even if an internal 
hot spot occurs, the temperature 
of the reactor wall does not rise 
significantly. 

It was analyzed that the 
temperature of the internal 
structure increased locally due 
to the hot spot. Compared to the 
500-mm distance, the structure 
was evaluated to be S0°C-150°C 
lower than the hot spot 
temperature. 


« Asa result of evaluating the 
structural stability of the wall and 
internal structure of the reactor 
reflecting CFD, there was no 
indication that the structural 
stability was unsatisfactory, even 
if the design temperature was 
exceeded locally. 

« Two types of corrosion must be 
considered: HTS and PASCC. 

In this case, corrosion by HTS 

was observed on the mesh 

screen and thermowell pipe. For 

HTS, the exposure temperature 

is important, and the authors 

suggested a short-term allowable 

excursion temperature of 650°C. 

No PASCC was found on the 

remaining internal parts by 

field metallography because the 

temperature and duration were not 

enough to cause sensitization. 
This study is the result of reviewing the 
hot spot case of the RDS reactor. It is diffi- 
cult to apply these results to all hot spots; 
however, when similar hot spots occur, it 
is believed that reasonable decisions can 
be made by referring to them. FP 
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An investigation into pressure vessel fatigue 
cracking caused by a tack weld 


Pressure vessels and piping constitute 
the maximum percentage of static equip- 
ment in any oil and gas facility. Separators, 
drums, desalters, columns, reactors and 
heat exchangers are only a few examples 
of the numerous types of pressure vessels 
used in the hydrocarbon industry. The 
design of welds is critical to any pressure 
vessel fabrication process. As part of weld 
joint fit-up and proper alignment prior to 
welding, tack welding is done between 
the pressure vessel components (such as 
the shell, dish ends and nozzles) prior to 
the initiation of the actual welding pro- 
cess. This is a common practice during 
pressure vessel fabrication and repair. 
During the fabrication process and any 
repair during service, the significance of 
tack welds to join metallic parts cannot 
be ignored. However, from a practical 
perspective, tack welds are not always ex- 
plicitly addressed in fabrication drawings 
or quality control plans. In this article, the 
authors present the detrimental effect of a 
tack weld in a pressure vessel fabrication, 
leading to fatigue cracking and the even- 
tual breach of containment. 


Background. A pressure vessel leak 
happened in an oil and gas surface pro- 
duction facility. The subject vessel (a 
degassing boot) was constructed as per 
the ASME Sec VIII Div. 1 code. The ves- 
sel separates out/disengages the gases 
from liquid streams before they enter the 
downstream storage tank. Separation of 
gases in the degassing boot (FIG. 1) helps 
to maintain a stable interface level in the 
tank, along with proper separation of pro- 
duced water from crude in the tank. 

The operating pressure was 0.361 psig 
(maximum), with an operating tempera- 


ture of 15.5°C-60°C. The process fluid 


was hydrocarbon gas, with crude oil and 
water. During operation, crude oil seep- 
age was observed at the reinforcement 
pad of the 8-in. NB riser nozzle. 

The subject vessel was isolated from 
service to assess the cause of the leak and 
to carry out necessary repair work. Dur- 
ing internal inspection, a crack—approxi- 
mately 70 mm in length—was observed 
on the shell (10-mm-thick ASME SA516 
Grade 60 carbon steel) at a peripheral dis- 
tance of approximately 16 mm from the 
N1B nozzle internal bore. A region mea- 
suring 1.4 mx 1 m was removed from the 
shell to facilitate a failure investigation of 
the cracked region. 


Objectives of the failure investiga- 
tion. The following were the objectives of 
the failure investigation: 

¢ Identify the mode or mechanism 
of cracking 
Identify the possible causes of 
cracking, and comment on their 
likelihood 
Provide short-term and long-term 
actions for an immediate remedial 
response and for future avoidance 
of reoccurrence, as appropriate. 


Approach. To achieve these objectives, 
the following work items were carried out: 

1. Upon receipt of the sample, 
the appearance of the crack 
and the surrounding area were 
subjected to visual examination. 
Photographs were taken to record 
the observations. 

2. The extent of cracking was 
evaluated using phased array 
ultrasonic examination. 

3. The cracked region was cut down 
and chilled in liquid nitrogen. 


FIG. 1. Typical degassing boot. 


Approximately half of the crack 
was broken open to reveal the 
crack surfaces, and these were 
examined visually before and 
after appropriate cleaning. The 
cleaned fracture surface was 
examined using scanning electron 
microscopy. Photographs were 
taken to record the observations. 
4. A metallographic section 
through the nozzle, shell and 
reinforcement pad was taken to 
characterize the crack’s location 
and morphology. This section was 
mounted in Bakelite and polished 
to a 0.2S-um diamond finish, 
using standard metallographic 
preparation techniques. The 
section was then etched in 2% 
nitric acid in alcohol (nital) to 
reveal the microstructure and then 
examined using high-power light 
microscopy. Photographs were 
taken to record the observations. 
5. A Vickers hardness survey was 
carried out on Weld 1, Weld 2, the 
sampling weld regions, the heat- 
affected zones (HAZs) and other 
regions of interest by using a 5-kg 
load. A microhardness survey was 
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undertaken of the region adjacent 

to the gouge, using a load of 100 g. 
6. Duplicate tensile tests were 

carried out on the shell’s 

material away from the crack to 

ensure conformance with the 

requirements of the ASME SAS16 


= a = 


Photographs of the nozzle and location 
of the crack. 
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Photographs of part of the fracture 
faces: (A) nozzle side of the fracture, and 
(B) the fracture face from the opposite side 
of the nozzle, showing a macroscopically flat 
surface and the presence of ratchet marks. 
Note: This is in mm scale. 
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Grade 60 specification. 

7. Chemical analysis of the 
shell, nozzle, reinforcement 
pad materials and both weld 
metals were carried out, using 
direct-spark optical emissions 
spectrometry, and the results were 
compared to the requirements 
of the ASTM 516-17 Grade 60 
specification. 


R An initial examination revealed 
two crack-like features on the inner sur- 
face of the shell. The larger of these was 
around 70 mm. Ultrasonic testing inspec- 
tion revealed that the two features were 


SEM of the fracture surface, showing 
the absence of cleavage fracture or microvoid 
coalescence. The flat featureless surface 
is consistent with fatigue. Magnification is 
indicated by the micron marker. 
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Welding 
Shell/dished head to neck 
with reinforcement pad plate 


(A) Metallographic section through the 
reassembled fracture. The nozzle parent metal 
is on the left, the upper plate is the shell, 
and the lower plate is the reinforcement pad; 
(B) as-built drawing schematic representing 
the joint details for comparison with the 
metallographic section. 


part of a larger crack around 180 mm in 
length (FIG. 2). At this stage in the investi- 
gation, the outer surface of the shell could 
not be inspected due to the presence of 
the reinforcement pad. 

Approximately half of the crack was 
examined after breaking it open. This re- 
vealed that the fracture face had multiple 
flat, smooth regions, which are consistent 
with fatigue cracking. 3 shows both 
halves of the part of the fracture (before 
cleaning) that was broken open. 

Scanning electron microscopy (SEM) 
confirmed the failure mode to be multi- 
initiation fatigue from the outer surface of 
the shell. The fracture surface was charac- 
teristically smooth and flat ( ). 

A photo macrograph of the metal- 
lographic section is shown in 
The crack had initiated from the root of 
Weld 1. An examination of this section 
revealed that the reinforcement pad had 
been attached to the shell plate and then 
the main weld had been performed, both 
from the inside of the shell. A 2-mm gap 
existed between the reinforcement pad 
and the shell parent materials. The crack 
was initiated at the corner where the shell 
parent material side of this initial weld 
bead met at a stress concentrating feature. 
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(A) Microscopic image of Weld 1 
(between the shell and the nozzle), showing 
the connection to the reinforcing plate and 
the location of the crack; (B) detail of the 
crack mouth region with magnification 
indicated by the micron marker. 


The crack then propagated through the 
weld metal of Weld 1 toward the inner 
surface of the shell. 

In FIG. 5, a second weld can be seen be- 
tween the reinforcement pad and the noz- 
zle. There is also a gouge in the shell. Ma- 
terial has been removed from this location 
and a small quantity deposited adjacent to 
the gouge. Both this gouge and another 
parallel gouge can be seen in FIG. 2 running 
across the entire width of the material. 

A microscopical examination of this 
section revealed that all three parent ma- 
terials were ferrite-pearlite microstruc- 
ture. Weld 1 had been carried out from 
the inside of the shell (FIG. 6A). It appears 
that an initial tack weld was performed 
to attach the reinforcement pad, and that 
the cap was ground flush to the inside of 
the shell. This weld has HAZ regions on 
all three parent materials. The crack has 
propagated through the main part of the 
weld. FIG. 6B shows detail of the crack and 
microstructure at the mouth of the crack. 

Weld 2 is between the nozzle and the 
reinforcement pad (FIG. 7A). There is a 
feature that is likely to be lack of fusion 
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associated with the root pass on the rein- 
forcement pad side of the weld (FIG. 7B). 

Hardness results for Weld 1 found a 
peak hardness of 258 HVS, which was as- 
sociated with the HAZ of the tack weld 
on the reinforcement pad parent mate- 
rial. Peak hardness in the HAZ associated 
with the nozzle and shell parent materials 
were 179 and 206 HVS, respectively. The 
peak weld metal hardness measured 202 
HVS in the tack weld, 207 HVS in the 
subsequent root pass, and 194 HVS in the 
cap. The hardness results for Weld 1 are 
detailed in TABLE 1. 

The peak hardness associated with 
Weld 2 was 280 HVS in the HAZ adjacent 
to the cap in the reinforcement pad par- 
ent material. The HAZ associated with 
the root pass of this weld had a peak hard- 
ness of 232 HVS in the reinforcement 
pad parent material. The HAZ associated 
with the nozzle parent material had a low- 
er peak hardness of 203 HVS. The peak 
hardness measured in the weld metal was 
225 HVS in the cap and 202 HVS near to 
the root. The hardness results for Weld 2 
are detailed in TABLE 2. 
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FIG. 7. (A) Overview of Weld 2, which 

was located between the nozzle and the 
reinforcement pad; and (B) detail of the 
lack of fusion at the reinforcement pad side 
of the weld. 
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Tensile test results are provided in 
TABLE 3. These conform to the ASTM 
$16M-17 Grade 60 specification. The 
chemical composition of all three par- 
ent materials and both welds are given 
in TABLE 4. This is compared to the 
ASTM $16M-17 Grade 60 specifica- 
tion. Both the shell and reinforcement 
pad materials fall within this specifica- 
tion. The nozzle material falls within 
the limits of the ASTM A106-18 Grade 
B specification. 
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Discussion. This component has suf- 
fered cracking through the thickness of 
the shell due to a fatigue mechanism. 
This cracking was initiated from the 
root of the weld in multiple locations. 
Nearly all fatigue failures are multi-ini- 
tiation failures. In this case, initiation 
has occurred at several locations along 
the length of the weld due to the poor 
root profile. These have then coalesced 
to form a single crack front. This is the 
usual progression for fatigue failures. 


Evidence of the multiple initiations is 
shown by ratchet marks on the fracture 
surface. The flat, featureless fracture sur- 
face is typical of high-cycle fatigue. This 
fracture face is not typical of low-cycle 
fatigue failures, as there would need to 
be more evidence of plastic deformation. 

Considering the geometry of the 
weld, it would be classified as a butt weld 
on a backing bar. The full-penetration 
weld between the shell and the nozzle is 
functioning as the butt weld, and, since 


TABLE 1. Vickers hardness data for Weld 1 (taken as per BS EN ISO 6507-1:2005) 


Indent Ocular Ocular Somments Indent Ocular Ocular ne Location of 
no. 1 2 HV Cap no. 1 2 HV Root indentations 
1 233 237 168 Parent metal 18 245 241 157 Parent metal 

2 24) 242 159 Parent metal 19 252 243 151 Parent metal 

3 245 244 155 Parent metal 20 240 235 164 Parent metal/HAZ 

4 243 242 158 Parent metal/HAZ 21 228 227 179 HAZ 

5 237 239 164 HAZ 22 220 221 191 Fusion boundary 

6 232 234 171 Fusion boundary 23 214 214 202 Weld metal 

7 219 229 185 Weld metal 24 212 21 207 Weld metal 

8 217 220 194 Weld metal 25 216 213 202 Weld metal 

9 223 225 185 Weld metal 26 187 192 258 Fusion boundary 

10 224 230 180 Weld metal 27 217 218 196 HAZ 

1 214 210 206 Fusion boundary/HAZ 28 241 241 160 Parent metal 

12 225 225 183 HAZ 29 234 238 166 Parent metal 

13 227 228 179 HAZ 30 234 232 71 Parent metal 

14 234 238 166 HAZ/parent metal 

15 235 231 71 Parent metal 

16 228 228 178 Parent metal 

17 234 233 170 Parent metal 


Indent Ocular Ocular Somments Indent Ocular Ocular Semments Location of 
no. 1 2 HV Cap no. 1 2 HV Root indentations 
1 234 240 165 Parent metal 13 235 237 166 Parent metal 
2 239 244 159 Parent metal 14 238 239 163 Parent metal 
3 233 239 166 Parent metal 15 218 223 191 HAZ 
4 209 21 210 HAZ 16 221 220 191 HAZ 
5 185 179 280 Fusion boundary 7 201 203 227 HAZ 
6 209 206 215 Weld metal 18 199 201 232 Fusion boundary 
7 220 220 190 Weld metal 19 217 221 193 Weld metal 
8 203 203 225 Weld metal 20 223 218 191 Weld metal 
9 209 218 203 Fusion boundary 21 208 221 202 Weld metal 
10 235 242 163 HAZ/parent metal 22 221 220 191 Fusion boundary 
11 250 243 153 Parent metal 23 229 234 173 HAZ 
12 258 253 142 Parent metal 24 235 237 166 HAZ/parent metal 
25 240 237 163 Parent metal 
26 241 245 157 Parent metal 
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the tack weld—which joins the weld root 
to the reinforcement pad—is present, the 
pad is functioning as the backing bar. The 
root of the weld comprises this tack weld. 
This section (FIG. 5) shows that there is a 
sharp corner between the reinforcement 
pad and the tack weld. 

When a backing bar is used to assist 
with the manufacture of a single-sided 
butt weld, the resulting weld root often has 
a poor profile and a relatively poor fatigue 
performance. This weld detail has a Class 
F fatigue performance. The fillet weld 
around the edge of the reinforcement pad 
(joining it to the shell) would be expected 
to also have Class F fatigue performance. 

In this case, cracking has occurred in 
the expected location for a butt weld ona 
backing bar, which is at the stress concen- 
tration associated with this sharp corner at 
the weld root. A large gap exists between 
the reinforcement pad and the shell, at the 
interface with the nozzle. The tack weld 
(which functions as the root of the full- 
penetration butt weld) has extended a few 
millimeters beyond the shell to fuse to the 
reinforcement pad, producing a particu- 
larly unfavorable weld root profile. The 
applied stresses and actual fatigue life are 
not known, but a poor weld root profile re- 
sults in a more severe stress concentration 
and, therefore, produces a lower fatigue 
life than would be expected in the absence 
of the stress-concentrating feature. This 
corroborates with the service condition of 
the degassing boot, which is susceptible to 
flow-induced vibration and fatigue. 
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lurgy) defines a tack weld as “... a weld 
made to hold the parts of a weldment in 
proper alignment until the final welds 
are made.” Clause 4.3.3.1 mentions qual- 
ity control items to assess if “tack welds 
to be incorporated in the weld are of ac- 
ceptable quality.” 

To improve the fatigue life of a joint 
with this fit-up, the welder should not 
tack the reinforcement pad to the shell 
before welding the shell to the nozzle. 
This will avoid fusing the root of the full- 
penetration butt weld to the reinforce- 
ment pad and will allow a more uniform 
root profile to be produced at the shell- 
to-nozzle weld. The welder should take 
care to ensure that the shell-to-nozzle 
weld is full penetration, but that the root 
bead does not protrude very far from the 
shell plate. This should allow the weld’s 
Class F fatigue weld to be achieved. 

An inlet riser deflector was previously 
welded to the inner side of the shell. Af- 
ter this failure had occurred, the deflec- 
tor plate was removed to be reused dur- 
ing repair work. This deflector plate was 
removed by gouging, which explains the 
two parallel gouge marks. As this was re- 
moved after the failure, it has not had any 
effect on the failure. 


Conclusion and recommendations. 
The following conclusions can be drawn 
from this investigation: 


« The component has failed due to 
fatigue crack propagation through 
the full thickness of the shell. 

« Cracking had initiated at a poor 
weld root profile, caused by the 
presence of the tack weld. 

The investigation ultimately yielded 

these recommendations: 

+ It may not be possible to avoid 
tack welds during manufacturing 
or repair activities. To improve 
the fatigue life of this component, 
the reinforcement pad should not 
be tacked to the shell during the 
manufacture of the nozzle weld. 
This would allow a Class F fatigue 
weld to be achieved. 

« Attention should be provided to 
the detrimental effects arising out 
of tack welds, particularly where 
fatigue loading is envisaged. 

¢ Welders and inspectors must 
be more cautious and vigilant 
regarding tack welds, fit-ups and 
weld quality to improve the fatigue 
life of the components. 

« Welds should be considered as 
a checkpoint in the inspection 
checklist during manufacturing/ 
repair activities. HP 
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TABLE 3. Summary of tensile properties 


Proof stress Rp 0.2%, MPa 


Tensile strength, MPa 


Recommended practices for tack Shell material, Specimen 1 300 535 
welds. API 577 (Recommended Prac- Shell material, Specimen 2 530 
tice—Welding Inspection and Metal- ASTM ASI6M-17 Grade 60 220 415-550 


TABLE 4. Summary of chemical compositions compared to ASTM A516M-17 Grade 60 and ASTM A106-18 Grade B specifications 


Element, wt% 


Material Cc Mn P Ss Si Cr Mo Ni Al As Co Cu Nb Sn Ti Vv Ca 


ASTM A516M-17 | 0.21 0.79- | 0.025 | 0.025 | 0.025 - - - - - - - - - - - - 
Grade 60* (max.) 1S (max.) | (max.) | (min.) 

ASTM A106-18 0.3 0.29- | 0.035 | 0.035 01 0.4 0.15 0.4 - - - 0.4 - - - - - 
Grade B* (max.) | 1.06 | (max.) | (max.) | (min.) | (max.) | (max.) | (max.) (max.) 

Shell parent 0.16 1.18 0.011 | 0.002 | 0.32 | 0.034 | 0.004} 019 | 0.036 |< 0.004) 0.005 |} 0.03 | 0.012 | 0.012 | 0.003 | 0.002 | 0.0017 
Nozzle parent 0.18 0.66 | 0.012 | 0.011 018 | 0.058 | 0.008 | 0.036 | 0.022 |< 0.004) 0.005 | 0.067 |< 0.002} 0.006 | 0.001 | 0.004 | 0.0023 
Reinforcement 0.16 116 0.017 | 0.003 | 0.35 | 0.036 | 0.006 |} 0.19 | 0.044 |< 0.004) 0.006 | 0.025 | 0.015 | 0.017 | 0.006 | 0.003 | 0.0022 
pad parent 

Weld 1 0.06 1.05 0.016 | 0.008 |} 0.62 | 0.049 | 0.009 | 0.034 |< 0.003} 0.005 | 0.006 | 0.05 | 0.003 | 0.005 | 0.011 | 0.008 | 0.0003 
Weld 2 0.07 116 0.017 | 0.009 | 0.68 | 0.038 | 0.006 |} 0.04 | 0.004 |< 0.004) 0.006 | 0.039 | 0.003 | 0.005 | 0.015 | 0.011 | 0.0004 


*Based on product analysis: 

* Boron, lead and zirconium were below 0.005 wt% for the compositions measured. 
* Tungstun was below 0.01 wt% for the composition measured. 

* Cerium and antimony were below 0.002 wt% for the compositions measured. 


Hydrocarbon Processing | MAY 2021 33 


gd Special Focus 


Maintenance and Reliability 
M. RAMALINGAM and B. CHANDRAGUPTHAN, 


Wood Plic., Chennai, India 


Restaging/rerating of centrifugal compressors: 
Fundamentals, practices and challenges 


The primary requirement for rerating or revamping an ex- 
isting centrifugal compressor is to match the new operating 
requirements, such as increased or decreased flow, increased 
or decreased head, or a combination of both. Rerating or re- 
vamping is necessary where the existing compressor or com- 
pressor train is incapable of meeting the new operating re- 
quirement efficiently. 

The rerating/restaging of operational existing compressors 
is an attractive cost-effective solution to address the latest de- 
velopment in process, changes in gas composition, debottle- 
necking of the existing plants and production maximization. 
Successful rerating/restaging plays a significant role in capital 
cost optimization processes. 

Brief descriptions of fundamental concepts, practices, chal- 
lenges and process checklists involved in the process of rerat- 
ing/restaging of centrifugal compressors are discussed here. 


Thermodynamic analysis. Centrifugal compressors are 
sensitive to operating conditions, molecular weight, gas prop- 
erties, etc. However, the new operating environment may call 
for different operating scenarios, different molecular weights 
and different gas properties, as described in the subsequent 
paragraphs. During the restaging study, the adequacy of an 
existing compressor system will be analyzed and the require- 
ments for modification or opportunities for improvement will 
be identified. 

In centrifugal compressors, a decrease in inlet pressure will 
shift the operating envelope toward a lower flowrate, and the 
surge margin will decrease in proportion with the decrease 
in suction pressure. The compressibility factor (Z) also in- 
creases as the suction pressure/inlet pressure decreases, as the 
reduced pressure decreases while the reduced temperature re- 
mains constant. A decrease in inlet pressure decreases the gas 
density, which may result in higher power consumption. 

Lower suction pressure results in a lower Reynolds num- 
ber, influencing the boundary layer and friction loss. At a 
lower Reynolds number, friction loss will be higher, resulting 
in lower performance. As a result, a small fall in the inlet flow- 
rate due to higher pressure at the inlet piping/nozzle often 
requires reduced rotational speed. On the other hand, higher 
suction pressure will result in higher discharge pressure at a 
given speed. As a result of a change in composition, the com- 
pressor operating envelope will change and consequently calls 
for revised operating procedures. 


Temperature. An increase in the inlet/suction temperature 
will result in an increased discharge temperature; however, the 
influence of suction temperature is important when approach- 
ing the stonewall point (> mach flow). When the suction tem- 
perature is high at choke flow, the pressure ratio is reduced. 
The molar heat capacity has non-linear propositional relation 
with temperature, and an increase in temperature will result in 
a lower specific heat ratio. Additionally, higher inlet tempera- 
ture will result in higher compressibility and lower gas density. 

Lower suction pressure results in a lower Reynolds number 
because of lower density and influences on the induced bound- 
ary layer and frictional loss in the flowing path, leading to lower 
overall efficiency. When suction pressures increase, discharge 
pressure will increase and must ensure the sufficient flow/ 
adjust speed to avoid surge. TABLE 1 summarizes the impact of 
lower suction pressure and composition change. 

The high specific heat ratio will result in higher discharge 
temperature and slightly lower discharge pressure at the same 
pressure ratio. On the other hand, lower specific ratio gases 
consume more specific power for a given pressure ratio. 

Polytropic head will increase along with specific heat ratio. 
The head is increasing proportionally with the volume poly- 
tropic exponent, which in turn increases as the specific heat ra- 
tio goes up. However, the influence of the pressure ratio on the 
head value is less significant compared with volume polytropic 
exponent effect. The impact of gas heat ratio on the compres- 
sor head becomes more pronounced at high rotational speed. 
Operating range decreases as the specific heats ratio of the 
handled gas reduces. 

Polytropic head is influenced by gas constant (R), which de- 
creases as molecular weight increases. Compressor efficiency is 
also affected by gas constant. The high molecular weight value 
leads to a reduction in the gas constant, yielding a lower volume 
polytropic exponent, which is inversely related to the stage ef- 
ficiency. The required polytropic head of low molecular weight 
tends to increase as the flowrate reduces. This indicates higher 
frictional losses associated with low gas density and viscosity. 

The effect of gas molar mass on the compressor head 
causes the required number of mechanical stages to vary. The 
low molecular weight gas raises the required head to achieve 
the desired discharge pressure, leading to greater pressure co- 
efficient on the impeller blades. 

During rerating, the probability of formation of deposits/ 
hydrates on the impeller and diffuser surface of the compressor 
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TABLE 1. Effects of composition/molecular weight changes 


Causes Primary impact Effects on compressor 
Change in Higher average molecular weight 1. Polytropic head increases 
composition Paar 
2. Pressure ratio increases 
3. Reduction in surge margin (stability region) 
4. Increased stage efficiency 
Lower average molecular weight 1. Pressure ratio decreases 
2. Lower efficiency 
3. Raises required head to meet the discharge pressure 
Low suction 1. Lower density 1. Lower discharge pressure 
pressure 


2. Compressibility factor (Z) increases 


2. Lower power requirement 


3. Lower Np, and higher friction loss 


3. Slightly higher polytropic head at same pressure ratio 


4. Lower rotational speed to avoid surge 


5. Lower overall efficiency 


6. Compression ratio through impeller is reduced 


must be evaluated to find the suitable solvent injection require- 
ments to avoid costly, time-consuming offline cleaning. Nor- 
mally, the amount of solvent required should not be more than 
3% of the total flowrate, and excessive flow can lead to serious 
erosion problems. 

Settle-out pressure should be estimated for a rerated/ 
restaged compressor system and the design adequacy of the 
existing system— including the knockout drum (KOD), inter- 
stage coolers, piping system, pressure relief valve, blowdown 
system and associated systems like the flare system—should 
be checked. Vibration analysis of the piping system is required 
to avoid acoustic-induced vibration/flow-induced vibration. 

Requirements of alarm and trip schedule changes should be 
addressed based on the rerated or restaged compressor operat- 
ing conditions and composition. The adequacy and require- 
ments of the lube oil system, sealing system, bearing cooling wa- 
ter system, inter-stage cooler load and KOD must be checked. 
Brief adequacy check requirements are highlighted in TABLE 1. 

While rerating with material of different gas composition, 
compatibility with respect to the new composition should be 
studied. As per API 617,' casing should be radially split when 
the partial pressure of hydrogen (H,) at maximum allowable 
working pressure (MAWP) exceeds 200 psig. The presence of 
hydrogen sulfide (H,S) in the gas composition should be con- 
sidered to check the material compatibility, as per NACE MR 
0103, NACE SP 0472 and NACE MRO175S. Gas service where 
the partial pressure of H, exceeds 100 psig or H, concentration 
exceeds 90 mol% at pressure should be considered as hydrogen 
service, and the compatibility should be checked during the re- 
rating of compressors. 

Compressor discharge temperature should be limited to 
150°C (302°F) for natural gas services to avoid polymerization 
of hydrocarbons (fouling in the impeller), possible decomposi- 
tion/cracking, auto-ignition hazards and seal/lube system limi- 
tations, even though the compressor components can withstand 
higher temperatures. Discharge temperature should be estimat- 
ed based on the new composition and operating conditions. 

The following rules of thumb have been deduced for ease 
of understanding and application: 
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¢ Rule ofthumb 1: The head of a compressor varies 
as the square of the tip speed and flow handled by the 
compressor varies with tip speed and impeller diameter. 

¢ Rule of thumb 2: A 1% increase in speed corresponds 
to a 3% increase in flowrate. 

¢ Rule of thumb 3: A velocity of 38 m/sec—45 m/sec is 
generally considered as the upper limit for an inlet nozzle 
operating on air or gases with acoustic velocities like air. 

« Rule of thumb 4: Higher molecular weight or lower 
temperature may reduce the allowable flow through 
the nozzle. 

¢ Rule of thumb 5: Volumetric flow and molecular weight 
define the size of the compressor. 

« Rule of thumb 6: In general, reduced gas molecular 
weight reduces pressure ratio surges at lower flowrates. 

¢ Rule of thumb 7: Lower suction pressure affects the 
overall efficiency of the compressor. 

« Rule of thumb 8: Excessive fluctuation in the molecular 
weight causes change in the incidence angle to the entry 
of the diffuser vane. 

Compared to an isentropic process, the discharge tempera- 
ture at the impeller exit is greater in the polytropic process. 
Therefore, the provided work by the impeller is higher in the 
case at constant discharge pressure. Even though the exit pres- 
sure of both polytropic and isentropic processes are equal, the 
discharge temperature and enthalpy differences are greater in 
the polytropic process. Discharge temperature in both isentro- 
pic and polytropic processes is a function of the pressure ratio, 
suction temperature and process exponent. The polytropic pro- 
cess is a function of inlet temperature, pressure ratio, compress- 
ibility factor and molecular weight. 


Fouling/scaling. Fouling is normally accompanied by lower 
efficiency and decreased head due to changes in aerodynamic 
performance and flow restrictions. One of the early warning 
symptoms is a decrease in the amount of turndown to surge, 
i.e., an increase in the minimum flow. This is normally caused 
by deposits in the diffuser/guide vane, which offers flow re- 
strictions that often result in surging. Online chemical wash- 
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Dimensional number _ Significance 


Normal range Note 


Heat coefficient or 
pressure coefficient 


Relates head capabilities of a 
wheel with its peripheral velocity 


0.48-0.54 


It can be increased by increasing the number of blades 
in the impeller 


Flow coefficient Relates flow, tip speed and 


impeller diameter 


0.01-0.1 


Minimum discharge coefficient is 0.008-0.01 
Peak efficiency occurs around mid-range 0.04-0.05 


Mach number Relates velocity of gas to velocity 


of sound at operating conditions 


0.6-0.7 (at inlet) 


Many compressors are operating above mach number, 
but the OEM shall be consulted. It should be limited to 0.9 


Reynolds number Relates inertial and viscous forces 


Turbulent flow but 
less than mach velocity 


Used to characterize the flow regime and is useful 
to find friction loss 


ing/offline removal techniques improve the performance of 
the compressor. This requirement can be identified during the 
design stage and appropriate provisions can be provided. Wa- 
ter-based or petroleum-based solvents can be used to dissolve 
the contaminations. 
¢ Rule of thumb 9: Generally, petroleum-based solvents 
are not useful to remove salty deposits. 
¢ Rule of thumb 10: The amount of injected solvents 
should not be more than 3% of the total flowrate. 


Capacity enhancement. Existing compressor system capac- 
ity can be enhanced by the following methods or a combina- 
tion of the following methods: 

¢ Utilization of design margin 

« Addition of stages/impellers 

+ Optimizing impeller tip speeds 

« Adding a parallel compressor train 

+ Optimizing the impeller design 

« Suction boosters 

- Eliminating the compressor losses. 


DIMENSIONLESS PARAMETERS ANALYSIS 


AND FEASIBILITY ANALYSIS 

The following dimensional number analysis (TABLE 2) will 
provide the scope for restaging/rewheeling of the compressor. 
A rationalized approach to describe the aerodynamic charac- 
teristics of compression machinery can be used for analysis. 


Polytropic head per impeller. As per Simmon’s method,” 
the maximum polytropic head can be approximately 30 kJ/ 
kg (3,058 m) for an operating pressure < 100 bar, whereas the 
maximum head is limited to 20 kJ/kg (2,038 m) when the dis- 
charge pressure exceeds 100 bar (FIG. 1). In low-pressure ser- 
vices (> 100 bar), the maximum head values must be corrected 
based on molecular weight using the Brown method. 

As per the Brown method, the value of 30 kJ/kg (3058 m) is 
to be used for molecular weight between 28 and 30. For molec- 
ular weight above this value, 0.3 kJ/kg (31 m) is to be subtracted 
from this head value for every unit increase in molecular weight, 
whereas 0.6 kJ/kg (61 m) head is to be added for every unit de- 
crease in molecular weight. In general, a single-stage closed im- 
peller compressor can raise the head up to 42 kJ/kg (4,281 m). 

The change in molecular weight will have an impact on 
the number of stages (FIG. 2) of the compressor since a lower 
molecular weight calls for more required head to achieve the 
desired pressure, leading to greater pressure coefficient on the 
impeller.**** It is always better to review the number of im- 
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FIG. 1. The maximum polytropic head can be approximately 30 kJ/kg 
(3,058 m) for an operating pressure < 100 bar, whereas the maximum 
head is limited to 20 kJ/kg (2,038 m) when the discharge pressure 
exceeds 100 bar. 


pellers/stages required with respect to all possible operating 
scenarios and molecular weight to avoid unnecessary cost and 
time delay at a project’s later stages. 
¢ Rule of thumb 11: Polytropic head per impeller and 
the number of stages of a compressor depend on the 
molecular weight of the gas being compressed. 


Optimum impeller tip speed. Optimum tip speed depends 
mainly on the type of impeller, molecular weight, material 
strength and tip mach number. TABLE 3 can be used for prelimi- 
nary design. However, for corrosive and low-temperature service 
[below —S0°C (—58°F) ], maximum tip speed is normally limited 
to 250 m/sec even though the molecular weight is < 35. Apart 
from these criteria, rotational stress, critical speed (mechanical 
resonances) and driver capabilities must be considered.”*” 
During rerating, tip speed can reach up to 274 m/sec with 
careful engineering. Gas acoustic velocity is directly related 
to specific heat ratio and temperature and inversely proposi- 
tional to molecular weight. Higher molecular weight gases are 
associated with lower acoustic velocities and lower allowable 
tip speed. It should be noted that the impeller material stress 
level is directly proportional to the square tip speed. Material 
strength often plays a critical role when low molecular weight 
gas is being handled with high head requirements. Cases exist 
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No. mechanical stages 


Molecular weight, g/mol 


FIG. 2. The change in molecular weight will have an impact on the 
number of stages of the compressor since a lower molecular weight 
calls for more required head to achieve the desired pressure, leading to 
greater pressure coefficient on the impeller. 
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FIG. 3. The diagram presented in API 617 outlines the compressor 
stability requirements. 


in which machines are operated at more than machine mach 
number without any issues—the important factor is the inlet 
relative mach number, which is proportional to the machine 
mach number and flow coefficient. Speed shall be optimized 
with respect to lower/upper critical speeds. The maximum 
speed is limited by aerodynamic and mechanical limitations. 
¢ Rule of thumb 12: Impeller maximum speed is limited by 
mach number, material strength (yield stress at maximum 
continuous speed) and critical speed (resonance). 
« Rule of thumb 13: Some original equipment 
manufacturers (OEMs) set the overload limit based on 
the relative Mach number of 0.96 or lower. 


Utilization of design margin. Utilizing the existing over- 
load limits is a common method of optimization. However, 
such limits are based on experience and function of machine 
mach number limitations, gas composition, number of stages, 
etc. It is well known that a compressor running at a high ma- 
chine mach number or handling high molecular weight gases 
will have less overall flow range than a compressor that runs at 
a low machine mach number or handles low molecular weight 


38 MAY 2021 | HydrocarbonProcessing.com 


TABLE 3. Tip speed limitation 


Molecular weight Average tip speed m/sec 


<35 310 
< 45 250 
<65 200 
< 120 150 


gases. Therefore, the allowable overload margin may vary. For 
example, the high molecular weight compressor with an over- 
load margin of 120% will have a 140% design margin when it 
handles low molecular weight. 


Adding additional trains. The addition of parallel compres- 
sor trains is quite common in the oil and gas industry; however, 
deciding the parallel configuration option—a series-parallel 
(each casing will have independent driver) and tandem-paral- 
lel (single driver for multiple casings) —plays a key role in plant 
reliability, turnaround capabilities and efficiency.'°"»” 

In general, a tandem-parallel arrangement requires more 
casing compared to a series-parallel arrangement for the given 
flowrate, resulting in higher increased fixed capital. More cas- 
ing calls for more piping, sealing, lube system and accessories, 
which adds to the cost in a tandem-parallel arrangement. The 
loss of a compressor in a series-parallel arrangement is associ- 
ated with variation in the inter-stage pressure, and the impact 
should be studied during the engineering stage. The loss of 
driver in the series-parallel will result in flow instabilities in the 
other stage. Loss of driver in the tandem-parallel will result in 
capacity reduction. The tandem-parallel represents a simple 
control system. Careful analysis of the configuration during the 
revamp/installation of additional trains should be exercised 
with respect to reliability, availability, safety, capital cost, space 
constraint and turndown flexibility. 


Number of impellers. The number of impellers can be esti- 
mated by dividing the total polytropic head by the maximum 
head per impeller. The inlet flow coefficient can be improved by 
improving the eye diameter and impeller diameter ratio. Nor- 
mally, it is preferred to have the same diameter for smooth flow. 
However, the maximum number of impellers in a single casing 
is normally limited to 10 (or 10 impeller stages) due to rotody- 
namic, aerodynamic, operational and design constraints. 


Casing. Horizontally split casings are typically used for lower 
pressure applications (up to approximately 40 bar discharge 
pressure), while vertically split (barrel type) casings have suc- 
cessfully been used for discharge pressures up to 800 bar. Dur- 
ing rerating/restaging, casing will not usually be modified. 


Compressor stability. Both operational and aerodynamic 
stability should be considered during the rewheeling/rerating 
of compressors. FIG. 3 presented in API 617 outlines compres- 
sor stability requirements. 


Suction boosters. Gas density can be increased by many 
ways, including suction boosting and refrigeration. Simple suc- 
tion boosting is considered as an additional stage. 
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TABLE 4. Process system 


Process system Minimum process adequacy/Limitations check requirements 


* Separation adequacy, adequacy against revised design conditions/settle out conditions, revisit PRV 
systems, adequacy of inlet/outlet and orifice size of PSVs, revisit alarms and trip settings, revisit emergency 
KODs depressurization system, re-run depressurization study (fire case and adiabatic case) and ensure the ESDV 
system is adequate and low temperature compatibility of the material, check MOC compatibility against 
new composition/condition 


Nozzle * Check nozzle pressure drop, velocity criteria, pV? criteria, noise criteria 


+ Pressure drop, velocity criteria, pV? criteria, noise criteria, re-routed piping must be checked 


Piping system 7 : Fae 
* Adequacy of existing drain header, vent header and other piping must be checked 


* Check adequacy against revised duty 


* Check material compatibility 


Heat exchangers/coolers * Check vibration/two-phase flow 


* Check design conditions for revised settle out/design conditions 


* Check adequacy of final protection elements 


* Check requirement revising alarm settings 


Alarnig and trips * Check requirement revising trip settings 


* Margin between the operation, alarm and trip must revisit along with operation team to avoid frequent alarm, 
trip and maintain operator response time 


* Check compatibility against the new composition 


* Check against new operating and design conditions 


Lube/seal systems ; ; ; ; ; ; ; 
* Check the adequacy in terms of load, capacity, consumption, lube pump/driver capacity, relief system capacity 


* Check viability of other techno-economical viability available in the market 


* Compatibility with respect to new composition and operating and design condition must be checked 


Material * Hazardous area classification/temperature class of the equipment/electrical/instruments should be checked 


against new composition/operating and design condition 


* Driver capabilities against required duty, speed 


Driver capabilities - — - — - - 
* Changes in the utility/ambient conditions on turbine, motor to be reviewed 


* Check impact on the downstream equipment/piping/instrument for revised operating and design conditions 


Operating envelope * Check alarm, trip, PSV set pressures, ESDV set pressures against revamped conditions 


* Update the operating procedures 


* Check the additional utility required and availability 


Utiilty system * Perform adequacy check of existing utility lines/facilities 


* Perform adequacy check of vent/flare/relief headers 


* Space constraint for additional/rerouting of equipment/piping must be checked 


* Adequacy of DCS/ESD system for additional/modification of inputs/alarms/trips to be checked 


* Aging factor/structural strength of the supports must be considered for revamping the system 


* Existing piping/equipment adequacy for revamping condition shall be checked for adequacy with respect to 


Other available thickness (inspection report based) 


* Integrity assessment, design review and risk assessment to be carried out and recommendations of these 
reviews must be incorporated 


* Requirement of hot/cold anti-surge staged anti-surge/capacity control measures must be checked 


* Adequacy of existing anti-surge system must be checked 


Process challenges and the ripple effect on a process 
system. KODs, piping/nozzles, relief systems, interstate/dis- 
charge coolers, drain and vent systems, emergency shutdown 
and depressurization systems, alarm and trips schedule, area 
classification and its impact, impact on material corrosion, 
lube and seal systems, utility requirements, rerouted piping 
system, operating envelop, driver capabilities, etc., should be 


revisited during the restaging/revamping of the compressor 
system, as tabulated in TABLE 4. 


Impeller trimming. Impeller trimming is often used to im- 
prove energy efficiency to optimize the oversized compressor 
and alter the exit mach number of an impeller for different 
molecular weight. 
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In radial trimming, the outlet of the impeller will be trimmed 
in the radial direction by reducing the diameter. Normally, ra- 
dial trimming is preferred where the reduction in pressure rise 
across the impeller is required. This is simple and does not re- 
quire modification in shroud; however, it will change the fluid 
exit angle, which often calls for diffuser redesign. This option is 
not preferred for high-speed wheels since it will result in lower 
efficiency, whereas in low-specific speed wheels, it improves the 
specific speed value closer to optimum value, and radial trim- 
ming does not alter the flow coefficient at the inlet. 

Axial trimming involves the reduction of impeller blade 
height at the outlet of the impeller without changes in the in- 


TABLE 5. Major factors considered during the 
decision-making process 


Driver cost 


Equipment cost 


Installation cost 


Auxiliary equipment/piping/software cost 


Capital cost 


Foundation cost 
Plant life 


Service cost 


Maintenance cost 


Utility/chemicals cost 


Operating cost 


Efficiency 


Cost of spares 


Suitability for future modification 


Field/location accessibility 


Operating experience 


Supply chain (single/multiple location) 


Logistics 


Installation equipment/utilities 


Temporary facility/resources 


Packing and delivery 


Payback period 


Reliability, availability and maintainability (RAM) 


Shutdown requirements: production loss, 
impact on customers 


Major process variables 


Economy 
and safety 


Opportunity cost 


Plant and personal safety 


Noise 


Vibration 


Emissions, gas and vapor 


Liquid discharge 


Toxicity 


Environmental 


Hazardous waste management 


Drain and vent management 


Regulatory requirements 


Reusability of existing spares/equipment 


Material compatibility 


Training requirement 


Other 


Operability 
Schedule 
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ducer. This is preferred for high-specific speed impellers. Reduc- 
ing the outlet height will lower the specific speed of the impeller. 
Trimming to control the losses due to tip gap (clearance between 
impeller and shroud) should be checked and revisited. It should 
be noted that the tip gap for the given operating speed is gener- 
ally based on material distortion, which is greatest at the outer 
diameter where centrifugal forces have the strongest effect. It is 
normally expected that axial trimming will result in an efficiency 
decrease and narrow choke margin but will have no major effect 
on the flow range of the compressor in the initial stages. 


Control of losses. The following losses are normally encoun- 
tered in the compressors, affecting performance. By controlling 
these losses, the compressor system can be optimized. 

« Disk friction loss due to adhesive forces between 
rotating disk and fluid. The shear force acting between 
the impeller back face and the stationary surface is to be 
overcome by cost of power. Generally, it increases with 
rotational speed and impeller exit radius. 

Skin friction loss due to adhesive forces between 
the channel surfaces and the fluid. Channel surfaces 
includes the hub, blades and shroud. 

+ Incidence loss caused by the direction of the gas flow 
diffusing from blade angle. The deviation between the 
relative inlet angle of the gas and the actual blade angle 
causes the gas to change its direction, resulting in 
(energy loss) incidence loss. Incidence loss occurs 
when the relative fluid flow angle of fluid entering the 
impeller deviates from the actual blade inlet angle. 

This loss can be minimized by adjusting the blade angle 
closer to the relative flow angle, curving of the blade 

in the direction of the entering flow, and by improving 
the inducer (initial part of the impeller) design. 

+ Blade loading loss due to a pressure difference between 
blade to blade. Blade loading loss is due to the growth of 
the boundary layer in the impeller and is highly 
dependent on the diffusion of working fluid to the 
impeller. Blade loading loss is a function of the diffusion 
factor and the tangential impeller velocity. It can be 
optimized by increasing the rotational speed or by 
increasing the flowrate. Changing the relative flows 
(inlet and exit) and the tangential impeller exit speed 
will result in a change in blade loading loss. 

« Recirculation loss caused by the back flow of fluid 
to the impeller, which requires additional power 
to overcome the backflow. 

« Clearance loss due to significant flow leakage through 
the clearance between the impeller and casing due to 
pressure difference. This will form a small vortex on the 
suction side (low-pressure side) of the impeller vane outer 
tip. It affects both the suction side and discharge side. 

« Leakage loss caused by the leakage of fluid through 
compressor seals. Seal loss decreases the energy available 
to convert into pressure head due to internal recirculation 
inside the compressor. 

« Vaneless diffuser loss in the vaneless diffuser space as a 
result of friction and the absolute flow angle. Whether 
the compressor has a diffuser or not, a vaneless space is 
always directly flowing through the impeller where the 


flow is diffused. In this space, primary and secondary 
flows mix, which results in friction loss and other losses 
referred to as vaneless diffuser loss. 

« Vaned diffuser loss depends on diffuser shape, 
blade loading factors, incidence angle and surface 
friction of the vane. 

« Mixing loss is also defined as slip of the flow field against 
the direction of rotation from pressure to suction side. 
After the flow has left the impeller, the primary and 
secondary flows mix. This is not ideal and energy loss 
and more recirculation will take place. 

« Wake mixing loss due to mixing with jet flow right after 

impeller exit. 

Super critical mach number loss due to shock wave loss. 

« Chocking loss due to the relative mach number at the throat. 

Incidence loss due to the difference between the inlet 

blade angle and flow angle. 

Entrance diffusion loss due to the diffusion inlet to throat. 

« Mechanical losses include power dissipated through 
bearings, seals, shaft-driven lube pumps and gear boxes. 


The role of OEMs. OEMs play a critical role in the restaging/ 
rewheeling of compressors. Normally, all mechanical, rotary 
modifications, rewheeling, internals modification and restag- 
ing are carried out by OEMs due to their expertise, experience, 
facilities and tools. OEMs will conduct the thermodynamic, 
mechanical, rotary, aerodynamic and vibration studies, and will 
establish the safe operating envelop and provide performance 
guarantees. An engineering contractor or in-house engineering 
team can study equipment and processes upstream and down- 
stream of the compressor unit. 


Performance test. A centrifugal compressor’s performance 
estimation can be done by three methods: the adiabatic meth- 
od, N-method and Mollier method. In the adiabatic method, 
the compression process is completely reversible (isentropic), 
meaning that the input power is completely converted into 
pressure energy, which is not the practical case. The N-method 
is named based on a polytropic exponent (n) that is used to es- 
timate discharge conditions and is independent of the state of 
compressed gas, and the polytropic head is the sum of each stage 
head, which are not true in adiabatic processes. Mollier diagrams 
are generally preferred for pure gases. 

A performance test run of the rerated/restaged compressor 
can be carried out as prescribed in ASME PTC 10 and API 617. 
However, an agreement with the client and the OEM on PTC 10 
test class and methodology is precedent. A complete unit test— 
including casing, gear, driver and auxiliary units—for evaluating 
performance is always recommended. Shop performance test 
limitations must be considered. 


Decision-making process. A payback period of up to 5 yr can 
be considered as a potential opportunity for improvement. If the 
payback period is less than 2 yr, it requires urgent rerating/re- 
staging. However, TABLE 5 details some of the major factors con- 
sidered during the decision-making process. 


Takeaway. Gas molecular weight, gas property, suction operat- 
ing conditions, upstream and downstream equipment limitations, 
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and existing compressor data are playing a vital role in the analysis 
of rerating/restaging. Deep analysis on compressor stability is of- 
ten required during the rerating study. However, rerating/restag- 
ing is an attractive and cost-effective solution to maximize the 
utilization of available resources (optimization) and address the 
changes in process and plant requirements. Rerating is often used 
to reduce the capital cost and improve the viability of a project. 

Rerating or restaging often calls for multi-disciplinary input 
and knowledge and should, in general, be carried out in consul- 
tation with the OEM. The ripple effect on upstream and down- 
stream equipment and units should be a part of any study. The 
outlined guidelines and limitations will help designers to carry 
out a feasibility study of rerating/restaging. FP 
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M. CALVERT, Servomex, Crowborough, UK 


How maintenance and reliability in gas analysis 
supports hydrocarbon processing installations 


Industrial plants depend on accurate, reliable gas analysis for 
process control, efficiency, safety and emissions monitoring. 
When analytical systems perform poorly, it can increase costs 
and affect the quality of the final product. If the system fails, it 
can lead to very expensive downtime. 

The COVID-19 pandemic has brought the need for prepa- 
ration into sharp focus for industrial plants. Maintaining equip- 
ment reliability and minimizing downtime have taken on new 
levels of importance, and it has become essential to ensure the 
right spare parts, consumables and other equipment are available 
when needed. 

Even the most reliable analyzers benefit from regular, planned 
maintenance. Getting the necessary level of service support can 
be the difference that keeps a plant operating reliably and profit- 
ably, even during pandemic restrictions. 

Industrial plants that have addressed this by being in a service 
agreement will be far better prepared to cope with the stress of 
unplanned downtime, as well as an emergency response when a 
crisis (e.g, COVID-19) makes rapid reaction much more chal- 
lenging. It also ensures they have better access to tailored support, 
including staff training and critical spares packs, giving them full 
peace of mind that they are prepared for any eventuality. 


The benefits of good maintenance. The most basic level of 
maintenance is to wait until something goes wrong and then fix 
it. What this means for industrial plants is potentially lengthy 
downtime while an engineer identifies the problem, obtains the 
necessary part(s) and rectifies the issue. 

Often, the expense involved—primarily from lost produc- 
tion—far exceeds the cost of even the most comprehensive ser- 
vice support packages. Regular inspection is a far more proactive 
approach to maintenance that significantly reduces the risk of 
unplanned downtime. It helps to identify any developing prob- 
lems or unexpected damage and allows for the planned replace- 
ment of consumable parts. 

For example, if a process must be stopped temporarily to re- 
place an aging sensor cell, properly planned maintenance means 
this scheduled window can be used to address any other prob- 
lems that may have been identified. Otherwise, left unattended, 
these issues could lead to an unexpected breakdown or affect the 
accuracy of the gas measurements. 

The other side of this process is that regular maintenance 
means plant operators have to make ‘just in case’ replacements— 
inspections will reveal if a product is working as intended and 
does not need servicing. 


Many modern plants operate with minimal staff, with some 
functions carried out entirely remotely. Quite commonly, the 
time and expertise to carry out even minor maintenance is 
not available. In the past, plant personnel have built up a good 
knowledge of the gas analyzers they use over time and learned 
to spot any problems. Changing work practices and the move- 
ment of experienced staff out of the industry means that much 
of this onsite expertise has been lost. 

Forging an ongoing partnership with a service network en- 
sures that processing plants have access to trained, expert en- 
gineers who have a deep understanding of the gas analysis sys- 
tems and how they work within an application. It means that 
busy personnel do not have to be switched from other tasks 
to carry out inspections—the maintenance becomes part of 
an organized schedule that supports the continuous operation 
of the plant. 

In the author’s experience, visiting engineers are often seen 
as a key part of the plant’s team and build a strong relationship 
with the customer. Operating out of regional service centers, 
the author’s company’s personnel have an excellent knowledge 
of the technologies involved, as well as the process and applica- 
tion, which helps them achieve better results. By attending the 
site regularly, they increase their understanding of each plant’s 
individual needs, ensuring a tailored service beyond simple ana- 
lyzer inspection and looking at entire process requirements. 


How service supports industry. Reliability is achieved 
through good maintenance. However, this can mean different 
things to different operators, as plant requirements can vary 
greatly according to such factors as the applications involved 
and the gas analysis technology being used. 

For this reason, the best approach is to offer a flexible, cus- 
tomized service that can adapt to meet the individual needs of 
each customer. This may range from the standard support and 
protection provided alongside every analyzer purchase, to a full 
partnership across the lifecycle of the gas analysis equipment. 

Service support typically embraces several different prod- 
ucts that can be combined into a custom plan to ensure the 
necessary assistance each plant requires. For example, re- 
gional service centers provide customers with rapid access 
to expertise, analyzer repairs, preventative maintenance and 
upgrades. They can also serve as hubs for locally based teams 
offering the onsite service support needs of industrial plants, 
ranging from emergency assistance to routine maintenance. 
This may also involve equipment health checks—where ex- 
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pert personnel attend to assess analyzer performance and de- 
tect anomalies before they develop into costly problems—and 
commissioning. Commissioning is the inspection of an instal- 


Even the most reliable analyzers benefit 
from regular, planned maintenance. 
Getting the necessary level of service 


support can be the difference that keeps 
a plant operating reliably and profitably, 


even during pandemic restrictions. 


lation—including the set-up and configuration of gas analyz- 
ers—by highly trained engineers to ensure peak system per- 
formance from the outset. 

Service departments can get involved even before the com- 
missioning stage by providing a factory acceptance test (FAT). 
This test is conducted in partnership between the customer 
and supplier to ensure the gas analysis system meets specifica- 
tions prior to dispatch. 

Service centers may also offer plant owners rapid access to 
high-quality spare parts and consumables for their gas analysis 
equipment. This service often extends to providing complete 
gas analyzers for hire, providing a temporary replacement that 
can be delivered quickly and with confidence that it will oper- 
ate correctly. 

Finally, many service networks are responsible for offer- 
ing training to plant staff. This may be delivered onsite or at a 
training center and helps ensure that staff get the best perfor- 
mance from their gas analyzers. 


Getting started with service support. The best way to be- 
gin a service partnership is to organize a health check for your 
gas analysis products. This validates the product performance 
and checks the state of the instrument. When engineers carry 
out these checks, they provide a written report on the work 
required, if any. Plant operators often want to go straight into 
a service contract. Even in these cases, a health check should 
be conducted to establish what sort of support is necessary. 
Once the health check has been completed, the level of sup- 
port needed can be determined. 

Commonly, plant operators are protective of their analyz- 
ers and dislike any interference with the product that might 
compromise the measurement. By partnering with the service 
division of an expert gas analysis supplier, they get total peace 
of mind that the engineer understands the product and knows 
how to get the best performance from it. Typically, onsite vis- 
its to inspect, service and maintain gas analysis equipment are 
scheduled for every 6 mos. The same regionally-based engi- 
neers are likely to attend each time, so trust is quickly estab- 
lished between them and the plant operator. 

Ifit has been installed and configured correctly, a gas analysis 
system operates very reliably for many years, so this long-term 
relationship becomes very important. Additionally, the support 
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required depends very much on the gas analysis equipment 
used. The key, of course, lies not merely in obtaining the diag- 
nostic data from the analyzers, but also understanding it, which 
is where a partnership with an expert service net- 
work comes in. By monitoring the diagnostics, such 
as detector signals over the course of many years, 
any decline in performance can be identified early, 
allowing scheduled maintenance or replacement 
with minimal disruption to the process and no loss 
of measurement accuracy. In this way, the plant op- 
erator can be confident that the measurement they 
receive from their gas analysis system remains accu- 
rate, even late into the lifecycle of the analyzer. 


The impact of COVID-19 on maintenance. 
The restrictions and safety concerns accompany- 
ing the global COVID-19 pandemic have had a 
significant impact on how service is carried out for industrial 
plants in all regions. Having an established service network 
that operates globally but at a local level, works very effective- 
ly. It means engineers are familiar with local restrictions and 
international travel is minimized. 

Having built a good relationship with the plant personnel, 
engineers are able to more quickly adapt to any new proce- 
dures adopted to prevent the spread of the virus. They are also 
able to put their existing familiarity with the plant and its pro- 
cesses to good use through remote support. 

Many gas analyzers have advanced digital communications 
options, which can be used to send diagnostic data to the en- 
gineer without them needing to attend the site. They also have 
auto-calibration and auto-validation capabilities that support 
ongoing reliability and make remote monitoring easier. Ad- 
ditionally, an existing service partnership can provide more 
secure spares support. The engineer can advise what spares 
need to be kept onsite and has rapid access to global stockpiles 
of these parts, along with an existing distribution network. 
Therefore, if disruption occurs as an essential part is needed, 
the problem is mitigated by the service arrangement. 

While the pandemic is, hopefully, becoming less of an is- 
sue, it is comforting for plant operators to know that the pro- 
cedures and technologies already in place will help service 
networks to provide continuous maintenance coverage even 
when the unexpected happens. 


Takeaway. Ultimately, the goal of service is to support the 
customer throughout the entire lifecycle of the gas analysis 
product. It ensures that the plant starts up correctly, on time 
and on budget, and looks after the equipment until the time 
comes when it eventually needs replacing. 

Good maintenance ensures maximum uptime and the 
best return on investment. It goes together with analyzer per- 
formance, delivering the measurements that plant operators 
need, whenever they need them. FP 
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of service globally. 
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Isentropic effects: Application and simulation 


A process safety risk in industry is hav- 
ing unknown problems that are not ac- 
counted for. Although the cause of many 
issues can be determined, others cannot 
be quantified without awareness. This 
article reviews an issue with high-veloc- 
ity gases in piping systems, otherwise 
known as isentropic or kinetic effects. 
This issue can be difficult to detect and 
is often missed in most process engineer- 
ing evaluations. It can result in tempera- 
ture variances that metals, soft goods or 
internals in a system are not designed to 
tolerate. Most process simulations are 
not suited for identifying isentropic ef- 
fects or require the implementation of 
a non-default setting. To avoid “traps” 
from simulations and an increased risk of 
damage to a system, identifying the char- 
acteristics of isentropic effects and how 
to physically address them is vital. The 
following are several case studies to dem- 
onstrate this effect. 


Case study 1: Discovery. Hydrogen 
experiences a flat or reverse adiabatic 
effect with pressure drop. During a site 
visit, a 99.9% hydrogen stream was vent- 
ing to flare. The temperature on the pipe 
indicated the occurrence of the reverse- 
adiabatic effect. Upon further examina- 
tion, cooler than expected temperatures 
were detected at the valve outlet. A for- 
ward-looking infrared (FLIR) camera 
was utilized to measure the temperatures 
at and around the hydrogen valve. The 
images collected by the FLIR camera are 
shown in FIG. 1. 

The FLIR images show that while the 
inlet and outlet temperatures from the hy- 
drogen valve are relatively equal as expect- 
ed, the temperature at the 1-in. valve con- 
nection was approximately 16°F lower. 
Since the fluid is hydrogen, the adiabatic 
or Joule-Thompson (JT) effect can be 
neglected. This temperature variance was 


not immediately explained by common 
knowledge or past simulation results. 

It should also be noted that the tem- 
perature reversed over 3-S pipe diameters 
out of the expander as the velocity de- 
creased (FIG. 2). By investigating the prin- 
ciples that govern the kinetic effects, the 
cause of the velocity impacts on the tem- 
perature of the fluid can be determined. 
Simply put, when gas is flowing at a high 
velocity, it robs the temperature of the 
fluid to achieve that velocity. Through en- 
ergy balances, the relationships between 
temperature, velocity and other variables 
demonstrate how isentropic effects im- 
pact a system. 

Isentropic effect fluid correlations. 
During this evaluation, an isentropic mod- 
el is assumed. No heat is added to the sys- 
tem; therefore, being adiabatic, and revers- 
ibility is achieved since viscosity effects, 
thermal conductivity and mass diffusion 
are absent. Application of the second law 
of thermodynamics captures any potential 
irreversibility in the process and accounts 
for the grade of conversion between work, 
heat and system energy change. Combin- 
ing the second law and the first law of ther- 
modynamics (Eq. 1) with no reactions 
while ignoring intermolecular forces, re- 
sults in a thermally perfect gas. 


cy Xx if 2) - 
Ry nf) 
MW P, 

where: 

S, and S, = the initial and final 
entropy; [Btu/(Ib x R)] 
(J/kg x K) 

c, = heat capacity; [Btu/(Ib x R)] 
(J/(kg x K)) 


T, and T, = the initial and final 
temperatures; °R (K) 


(1) 


R= the universal gas constant; 

1.985 (Btu/mol x R) 

[8.314 (J/(mol x K)] 

P, and P, = the initial and final 

pressure; psia (Pa) 

MW = molecular weight; Ib/Ibmol 

(kg/kmol) 

To isolate and explain the temperature 
variance, a steady-state energy balance is 
created from inlet and outlet conditions 
to derive Eq. 2 for the isentropic assump- 
tions (left hand side of Eq. 1 is set to zero) 
by algebraic rearrangement and with the 
utilization of the Mach number expres- 
sion in Eq. 3. Via Eq. 4, the speed of sound 
for a given fluid can be calculated with the 
fluid properties. 


Inlet of H, valve at 300 psig 


Outlet of H, valve at 5 psig 
in 4n. section 


Outlet of H, valve in Hin. outlet 
connection of valve 


FIG. 1. FLIR camera imaging of inlet 
temperature, outlet temperature, and 1-in. valve 
connection temperature for pure hydrogen. 
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pas Ts (2) 
x M? +1 
M=V/c (3) 
__ [RRT, 
are (4) 
where: 


T, and T = the stagnation temperature 
and the high-velocity temperature; 
°R(R) 

V= velocity of the fluid; ft/sec (m/sec) 

c = speed of sound of the fluid; 
ft/sec (m/sec) 

M = Mach velocity of the fluid 

k = ratio of specific heats 
(C,/C, at the T, location) 

R= the universal gas constant; 
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10.73 (ft? x psia)/(Ibmol x R) 
[8.314 (m3 x Pa)/(mol x K)] 
By applying the proper unit conversion 
necessary for U.S. customary units, Eq. 4 
can be simplified to Eq. S. 


— [kT;R (5) 
MW 


where: 
R’ = converted universal gas constant; 
49,713 ft?/sec? 

Since the Mach number is influenced by a 
direct relationship with the velocity of the 
fluid, an increase in velocity will result in 
a lower fluid temperature, which was ob- 
served through FLIR imaging of the hy- 
drogen valve. Once the velocity of the flu- 
id slows, the system's energy is maintained 
and is returned to the fluid temperature. 


FIG. 2. Temperature increases approximately 3-5 pipe diameters from the reducer, as the 
velocity of the fluid decreases from top left to the bottom right. 


Isentropic AT, °F 


Isentropic AT, °C 


0 02 0.4 
Mach velocity 


0.6 0.8 1 


FIG. 3. Isentropic AT (°F or °C) vs. Mach velocity for k-values ranging from 1.1-1.5. 
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Similar equations (Eqs. 6 and 7) can 
be derived that pertain to the fluid’s pres- 
sure and density within the system to ac- 
count for all other variations from isen- 
tropic effects: 


k k 
Ps ns oS 2 ie 
8 = ( 8 [=| x? a 
P (3 7: (6) 


1 1 
Ps = (2)"- (‘S x M? + J" 
Ro SE ? (7) 


where: 

P, and P = the stagnation pressure and 

the current pressure; psia (Pa) 

p, and p = the stagnation fluid density 

and the current fluid density; 

lb/ft? (kg/m°) 
Hydraulic modeling can be used to deter- 
mine the Mach number for the flow read- 
ing in addition to the relevant k values to 
find the pressures, densities and tempera- 
tures for a fluid. 

Calculation vs. FLIR imaging. For 
the hydrogen valve, the FLIR camera re- 
corded a temperature of 65.4°F. By using 
hydraulic modeling for the flow reading, 
the Mach number was found to be approx- 
imately 0.4, with a k-value of about 1.42. 
Eq. 2 is used with a stagnation temperature 
of 81.3°F to yield the following results: 


81.3 + 458.67 
1419 — 1 


T= 458.67 


x 047+ 1 


TABLE 1. K-values for fluids at 14.7 psia 


and 100°F or at fluid’s dew point 
if above 100°F 


Fluid C,/C, 
Hydrogen 1.413 
Helium 1.666 
Nitrogen 1.4 
Carbon dioxide 1.279 
Hydrogen sulfide 1.326 
Methane 1.298 
Ethane 1.186 
Propane 1.127 
i-Butane .097 
n-Butane .097 
i-Pentane 1.081 
n-Pentane 1.081 
Water 1.33] 
Air 1.409 
Source: Proprietary software? simulation using 
Peng-Robinson equation of state. 


T = 63.8°F. 

The calculated temperature through Eq. 2 
is slightly lower than the value found by the 
FLIR camera but is within reason due to 
uncertainties in the flow measured (orifice 
meter with known drift) and heat transfer 
through the wall of the pipe. The principles 
applicable to Eq. 2 accurately represent the 
steady-state system of interest. 

When to consider isentropic effects? 
Isentropic effects are relevant for numer- 
ous systems in industry, including control 
valves, pressure safety valves (PSVs), flare 
headers, compressor station designs and 
others. It can also potentially explain fail- 
ures in a system due to exceeding the min- 
imal design metal temperature (MDMT) 
when conventional modeling does not 
predict colder conditions. On a practical 
level, it can also explain icing on the out- 
side of piping when modeling predicts 
higher than freezing temperatures. The 
relationship of isentropic change in tem- 
perature with increased Mach velocity for 
different k-values can be found in FIG. 3. 

The k or C,/C, values for a list of fluids 
can be found in TABLE 1. When a fluid is 
examined with various starting or stagna- 
tion temperatures, the resulting isentro- 
pic change in temperature varies. In FIG. 4, 
a fluid with a k-value of 1.3 is examined 
over a range of starting temperatures. 

Why consider isentropic effects? 
Consideration of the design of valves 
(both the metal body and the internal 
soft goods), thermowells and pipe wall 
material are important considerations in 
industry. For example, soft goods with- 
in valves (e.g., PSVs and manual block 
valves downstream) may not be able to 
endure the low temperatures that occur 
from isentropic effects, as demonstrated 
in the next two cases. 


Case 2: Retail city gas to flare. For 
one client, retail city gas is injected at 440 
psig into a flare at below S psig to meet new 
regulatory Flare RSR (40CFR63.670) re- 
quirements. The gas can reach 20°F at 440 
psig in the winter, and the valve adiabatic 
temperature loss is approximately 40°F. 
The outlet velocity can reach about 0.9 
Mach. The system utilizes normal carbon 
steel piping and the outlet temperature 
is roughly —20°F by accounting for the 
JT effect and as per simulation results. 
At a velocity of 0.9 Mach, the isentropic 
change in temperature was found to be 
50°F, resulting in a 90°F temperature drop 
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from the starting temperature of 20°F for 
a minimum outlet temperature of —70°F 
at the high-velocity point. This requires 
ANSI B31.3 pipe stress test analysis for 
typical carbon steel (e.g., A106) or a dif- 
ferent metallurgy selection (e.g,, stainless 
steel). It was found that the A106 piping 
at this system’s pressure was adequate, 
but the manual block valves’ internal soft 
goods were only adequate for -50°F. A 
change in design was required for this sys- 
tem’s valves. In addition, thermal shock 
for the sudden change in temperature was 
evaluated and found not to be an issue but 
should also be considered in designs. 


Case 3: Operating valve. A differ- 
ent city gas supply was utilized at 450 
psig at inlet temperatures of 20°F-40°F 
in the winter and 100°F in the summer. 
The system regulates pressure 40 psig—60 
psig downstream through a 1-in. regula- 
tor. Operations measured 1 MMsft*d gas 
flow. Ice forms on the system’s 1-in. out- 
let connection almost year-round, baf- 
fling operations and engineers at the site 
in the summertime where the simulation 
showed that the valve outlet temperature 
should be typically 40°F or higher. Isen- 


tropic effects and comparisons to simula- 
tion data are presented in TABLE 2 at the 
valve outlet connection. 

Due to low-temperature results with 
lower pressure or lower inlet valve tem- 
perature, a mechanical stress test study 
was required. The existing piping system 
downstream of the regulator was not de- 
signed for these conditions and the sys- 
tem was routinely below the MDMT of 
the metal, posing a risk to failure long- 
term. The regulator size was increased 
to 2-in. to eliminate any 1-in. section of 
piping and decrease the velocity, thereby 
increasing valve outlet temperature. The 
resulting operation showed no more icing 
in the summer and operating tempera- 
tures above the MDMT in the winter. 


Case 4: PSVs/flare headers. Most 
PSVs generally have a Mach velocity 
across the throat of the PSV, and Mach 
velocity is common in tailpipes. Some 
engineers avoid Mach on headers for 
acoustic vibration reasons. Others try to 
avoid Mach by wrongly assuming it is a 
design or code compliance constraint. 
In addition, the temperature at the tees 
is seldom examined. In multiple cases, it 
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FIG. 4. Isentropic AT (°F or °C) vs. Mach velocity at k-value of 1.3 for various starting temperatures. 


TABLE 2. Outlet temperature vs. isentropic effect temperature of the system with 


different operating pressures and starting temperatures 


Inlet Simulation predicted 
temperature, outlet adiabatic 
oF temperature, °F 
Case 1 80 35 
Case 2 20 -22 
Case 3 20 -25 


Actual valve 

Pressure, Mach Isentropic, temperature, 
psig velocity AT, °F oF 
60 0.338 9 26 
60 0.388 9 -31 
40 0.44 14 -39 
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FIG. 5. Simulation—using proprietary software?—of the hydrogen valve example from FLIR 


camera imaging. 
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FIG. 6. Adjusted simulation—using proprietary software*—to account for isentropic effects for 


hydrogen valve. 


has been identified that the tee at Mach 
velocity to a flare header can experi- 
ence temperatures below the MDMT. At 
this point, a mechanical stress analysis 
should be performed to determine the 
risk. In most cases, the mechanical stress 
analysis passes. In some cases, it identi- 
fies the need to consider the risk of ex- 
ceeding the stress analysis for a limited 
amount of time while the PSV is opened, 
requiring determination of whether the 
entire pipe metal wall can sustain these 
temperatures below MDMT. Ifthe risk is 
high enough, then a change in flare head- 
er design is merited. 

Modeling of isentropic effects. It is 
commonly assumed that process simula- 
tors are an accurate method of indicating 
the temperatures and behaviors of a sys- 
tem. However, steady-state simulators do 
not predict isentropic behavior. Propri- 
etary software? can predict this behavior 
but only in Dynamics mode and requires 
user knowledge to implement the set- 
ting to report it. Any user can build it out 
themselves. For example, the results of a 
default simulation for the 99.9% hydro- 
gen valve example is shown in FIG. 5. 
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The isentropic temperature for the 
hydrogen valve example should be ap- 
proximately 65°F, unlike the simulation 
calculated value of 81°F. To measure the 
temperature accurately by using steady- 
state simulation, a spreadsheet or other 
embedded calculation should be created 
to report the change in temperature via the 
isentropic effect, along with the final tem- 
perature. An example of what this looks 
like for the hydrogen valve is displayed 
in FIG. 6, showing the 65°F, which aligns 
closely with the FLIR camera imaging. 

Proprietary flare modeling software‘ 
can be used. However, the default settings 
do not predict the behavior of isentropic 
effects. The user must change the settings 
to “include kinetic effects.” Other simula- 
tors have not been explored in detail. 

Where to consider isentropic ef- 
fects? Isentropic effects can create issues 
with many elements of a system, includ- 
ing areas that have not yet been studied. 
These include but are not limited to: 

* Icing effect on the integrity of 

metal and soft goods in PSVs, 
flare headers and other 
constituents 


* PSV tailpipe and flare header 
evaluations/metallurgy 
¢ Pressure drop calculations that 
can be marginally impacted 
* Blowdown valves (potential 
pipe embrittlement) 
* Ejectors on top of vacuum 
towers or systems 
* Potentially on heat exchanger 
performance impacting the heat 
release curves (though very rare 
due to velocities < 0.3 Mach for 
standard exchanger designs). 
There is also an ongoing study regarding 
how hydrate formation may be impacted 
at higher velocities. 


Takeaway. To ensure systems are run- 
ning safely, isentropic effects must be 
considered where high-velocity gases oc- 
cur or where lower than expected temper- 
atures may impact design or operation. 
While steady-state process simulators do 
not easily simulate isentropic behavior, 
the implementation of spreadsheets or 
additional settings can aid in improved 
predictions. By being able to determine 
when and where isentropic effects are rel- 
evant and how to address them, any risk 
to a system’ integrity, safety and longev- 
ity can be reduced. FP 
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Thick-wall reactor shell repair procedure after damage 
detection at an interface in a hydrocracking unit 


The vessel and reactor operating in a 
refinery may undergo various deteriora- 
tions due to their operating conditions.' 
Therefore, to protect the vessel and re- 
actor from such deteriorations, the inner 
surface of the wall should be cladded by 
stabilized austenitic stainless-steel grades 
like SS321 and SS347. However, reac- 
tors and/or vessels are often composed 
of mostly chromium molybdenum (Cr- 
Mo) alloy steel grades, which is enough 
to maintain structural stability during 
operations at full capacity load. The com- 
bination of low-alloy steel with stabilized 
austenitic steel grades was obtained by 
dissimilar welding processes between 
clad plates or by a weld overlay.” 

One such similar combination (i.e., a 
vessel or reactor wall made up of dissimi- 
lar welding) was affected by lamination 
defects after a few years of operation. The 
lamination-like defects were observed 
on a weld overlay of the vessel shell dur- 
ing non-destructive testing (NDT). The 
cause of this defect was identified as dis- 


3mm 


bonding, which is defined as the failure 
of a coating to adhere to the substrate to 
which it was applied.* These disbonding 
defects were observed between stainless- 
steel (SS309) layers—i.e., the first layer of 
the weld overlay and the parent shell wall 
of the reactor vessel. It was found that, 
during initial fabrication, there were no 
defects observed at these interface junc- 
tions, and these defects were initiated 
during long-term exposure of service. 

A schematic representation of the 
reactor shell configuration, heavy-wall 
thick alloy steel (parent metal) and weld 
overlay within a reactor shell in transverse 
direction is shown in FIG. 1. An arbitrary 
disbonding defect parallel to the inner 
wall surface is shown in FIG. 2. The flaw 
is represented in a general manner in the 
current study, but actual flaw dimensions 
(e.g., flaw shape, size and orientation) are 
dependent on many factors, such as mi- 
crostructures at interfaces, fracture tough- 
ness at interfaces and material properties. 
These all play a vital role in structural 


Disbond ——— Defect 

uj Stee Weld overlay 

ssomp Weld overlay 
SA336F22Class3—~SCSC*Base metal 


FIG. 1. Schematic of the reactor wall in transverse direction and corresponding material of 


construction. 


integrity. A schematic of the vessel shell 
adjacent to the internal load bearing is 
shown in FIG. 3. 


Repair procedure. There are two sce- 
narios to consider for repair procedures, 
and these are 1) if the defect has not dam- 
aged or affected the parent base metal 
shell,* or 2) if the defect has damaged the 
parent base metal (and if the defect dam- 
aging the vessel shell is assumed to be af- 
fected by hydrogen damage).* 

Repair that has not affected the par- 
ent base metal. If the defect has not af- 
fected the parent base metal, then the 
following repair steps should be imple- 
mented: 

¢ In-situ metallography: Prior 

to the repair process, an in- 

situ metallographic study is 
recommended on the weld overlay 
region to access the nature and type 
of material behavior induced in the 
material during long-term exposure 
of service. If any crack is discovered 
in the grinding process during 


Base metal 


FIG. 2. Schematic view of the arbitrary 
disbonding defect in parallel to the base metal 
at the vessel’s wall surface, with (a) and (b) 
representing arbitrary defect sizes. 
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repair activity, then that cracked 
portion and nearby area should 
be subjected to additional in-situ 
metallography studies for 
further assessment. 

Prior cleaning: Before 
starting the grinding 
process, the surface of the 
weld overlay metal should 
be cleaned thoroughly to 
remove scales, rust, carbon 
or any hydrocarbon deposits. 
After removing 3 mm from 
the weld overlay portion, 
the fresh surface should 

be cleaned thoroughly to remove 
any oxide scales. If any cracks are 
discovered, they should be verified 
by visual examination and dye 
penetrant testing. 

Grinding: The disbonding at an 
interface should be repaired as per 
the applicable construction code. 
Depending on the type of flaw and 
locations, as well as the type of weld 
overlay material and base metal, 
the flaw should be ground out. It is 
recommended not to use thermal 
gouging during the flaw removal 
process. The grinding should be 
initially at the weld overlay portion, 
and grinding wheels should be 
used as with the same stainless- 
steel grades of the weld overlay. 
Grinding should be optimized 

by controlling the speed of the 
grinding wheel to remove the weld 
overlay portion, and enough care 
should be taken to not overload 
the speed of the grinding wheel 

or the metal removal rate. The 
removal of metal in the weld overlay 
region should produce an even 
surface finish throughout the repair 
process, and the grinding load 
should be light enough to avoid 
any unwanted defects. Preheating 
before grinding is recommended 

to produce smooth surfaces and 

to promote easy removal of the 
weld overlay metal until the wheel 
reaches the base metal. However, 
the parent metal should not be 
ground out unless other directions 
were provided to do so after 
obtaining all assessment reports 
from metallurgical and NDTs. 
Hydrogen bake-out: After 
removing the weld overlay, a spot 
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dehydrogenation heat treatment 
is recommended on the parent 
metal for at least 1 hr. The heating 


rate is 100°C/hr/in. and the 
soaking temperature should be 
300°C/hr/in., followed by air 
cooling at 100°C/hr/in. If any 
diffusible hydrogen content on the 
parent metal is found, it should 

be removed prior to starting any 
welding process. 


Design to meet ASME 


standards: After removing the 
weld overlay portion inside the 
reactor, the repair should be carried 
out to rebuild the wall thickness 
as per the original specified 
drawings. The flawed portion 
removed from the weld overlay 
should be prepared for welding, 
and adequate access should be 
provided for the welding operation 
to avoid lack of penetration, slag 
entrapment and improper fusion. 
Prior to welding loosening or the 
detaching of stiffener rings, the 
installation of insulation support 
rings and a reinforcing saddle 
should be carried out. 

e Welding: The welding should 
be produced via applicable 
construction codes as per welding 


TABLE 1. Heat treatment procedure in 
repair work? 


Parameters 
Heating rate 
Soaking time 


Soaking temperature 


Cooling rate 


Heating methods 


Cooling methods 


Minimum criteria 
per ASME code 


100°C/hr/in. thickness 
Thr/in. thickness 


675°C (min.)- 
730°C (max.) 


100°C/hr/in. thickness 


Electric resistance/ 
induction heating 


Air cooling 


procedure specifications. If any 
defects need to be removed on 
the parent metal, then the parent 


The vessel and reactor operating in a refinery 
may undergo various deteriorations due to their 
operating conditions. Therefore, to protect the vessel 


and reactor from such deteriorations, the inner 
surface of the wall should be cladded by stabilized 
austenitic stainless-steel grades. 


metal should be preheated to 
315°C/hr/in. and, subsequently, 
the weld should be built up 

by E8018 B3L or E-80S B3L 
electrode or filler wire, depending 
on the type of welding process. 
Heat treatment: The parent base 
metal should be spot-heat treated, 
and the heat treatment should 

be completed on the base metal 
prior to starting the weld overlay. 
Based on various metallography 
and other test results, the spot- 
heat treatment should be 
recommended on the intended 
repair area. The heat treatment 
procedure is shown in TABLE 1. 
Weld overlay restoration: 

After completing the heat 
treatment on the parent metal, 
the weld should be overlaid 

on top of the parent metal 

as per the welding procedure 
specification.’” 


Repair that has affected the parent 
base metal. If the defect has affected the 


WELD OVERLAY 


CTOR 
ELL 


Ef22mm BUBBLE CAP TRAY 


FIG. 3. Schematic of the vessel wall adjacent 
to the internal load-bearing section. 
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TABLE 2. Welding procedure specifications for the SMAW process 


Welding procedure specification no. 


Welding process 


SMAW 


Joint (QW-402) 


Joint design 


Corrosion-resistant weld overlay 


Root spacing 


Not applicable 


Backing 


Yes 


Backing material 


Base metal and weld metal 


Base metal (QW-403) 


P. no. P5A P. no. - 
Group no. 1 Group no. - 
Thickness range 8mm Thickness range - 


Base metal groove Not applicable 


Base metal groove 


Not applicable 


Filler metal (QW-404) 


Specification no. (SFA) 


Barrier layer 


Subsequent layer 


AWS no. (class) E-309 Nb E-347 

F-No. 5 5 

A-No. 8 8 

Size of filler metals 3.15, 49 3.15, 4 

Fillet Not applicable Not applicable 


Electrode flux (class) 


Not applicable 


Not applicable 


Flux type 


Not applicable 


Not applicable 


Flux trade name 


Not applicable 


Not applicable 


Consumable insert 


Not applicable 


Not applicable 


Other 


Chemical composition should be specified 


Chemical composition should be specified 


Backing: Yes/No Yes Yes 

Backing material (type) Parent metal Weld metal 
Root spacing Not applicable Not applicable 
Maximum pass thickness: 0.5 in. (13 mm) (Yes) (No) No No 


Filler metal product form 


Not applicable 


Not applicable 


Supplemental filler metal 


Not applicable 


Not applicable 


Positions (QW-405) 


Position of groove 


All 


Welding progression 


Uphill 


Preheat (QW-406) 


Barrier overlay Weld overlay 
Preheat temperature: Minimum 125°C 25°C 
Interpass temperature: Maximum 175°C 175°C 
Preheat maintenance 250°C Not applicable 


Other: Continuous or special heating, where applicable, 
should be recorded 


Method of applying heat for preheat and interpass temperature: Electric coil heating, 


which should be checked by a Thermapen 


PWHT (QW-407) 


Barrier overlay 


Weld overlay 


Temperature range 


Not applicable 


Not applicable 


Time range 


Not applicable 


Not applicable 


Soaking temperature 


Not required 


Not required 


Heating rate 


Not required 


Not required 


Cooling rate 


Not required 


Not required 


Method of heating 


Not required 


Not required 


Method of cooling 


Not required 


Not required 
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TABLE 2. Welding procedure specifications for the SMAW process (CONT.) 


Gas (QW-408) 


Gas % composition (mixture) Flowrate 
Shielding Not applicable Not applicable Not applicable 
Trailing Not applicable Not applicable Not applicable 
Backing Not applicable Not applicable Not applicable 


Electrical characteristics (QW-409) 


Filler metal 


Current type Ampere Travel speed in Volts in 
Weld passes Process Classification Diameter, mm and polarity in range range,mm/min _ range, v Energy input 
Barrier overlay SMAW E-309 Nb 3.15 DCEP 80-100 107-140 22-26 1.6 
Barrier overlay SMAW E-309 Nb 4 DCEP 100-130 127-165 22-26 1.6 
Weld overlay SMAW E-347 3.15 DCEP 80-100 Not available 22-26 Not applicable 
Weld overlay SMAW E-347 4 DCEP 100-130 Not available 22-26 Not applicable 


Tungsten electrode size and type 


Not applicable 


Welding technique (QW-410) 


String or weave bead 


String or weave bead 


Orifice, nozzle or gas cup size 


Not applicable 


Initial and interpass cleaning (brushing, grinding, etc.) 


Method of back-gouging 


Stainless-steel wire brush or stainless-steel wheel grinding 


Not applicable 


Oscillation 


Not applicable 


Contact tube to work distance 


Multiple passes or single pass (per side) 


Not applicable 


Multiple passes per side 


Multiple or single electrodes 


E-309 Nb followed by E-347 


Electrode spacing 


Peening 


Not applicable 


No peening 


parent base metal, then the following re- 
pair steps should be implemented: 

- Evaluating severity: The weld 
overlay material from the inner 
diameter of the reactor within the 
disbonded region—comprising 
an SS347 corrosion-resistant layer 
and an $S309 barrier layer for the 
load-bearing section—should 
be chipped off. Both samples 
should be evaluated by digestion 
techniques to measure dissolved 
hydrogen. If hydrogen content is 
zero, then it is assumed that no 
hydrogen has diffused within the 
Cr-Mo steel parent metal. However, 
if enough hydrogen is observed, . 
then the procedure detailed below 
should be used. If hydrogen attack 
is detected in the barrier layer 
and the corrosion-resistant layer, 
then the parent metal should 
also be subjected to hydrogen 
measurement techniques. 

Radially, the same area of 
the parent material should be 
evaluated. In addition to in-situ 
metallography on the parent metal, 


the digestion techniques should be 
engaged to measure the dissolved 
hydrogen content. If the dissolved 
hydrogen content is above the 
specified value (4 mL/100 g), 
then hydrogen bake-out should be 
carried out on the parent metal.® 
The dissolved hydrogen in the 
base metal should be removed 
completely as per design codes 
and conditions. In addition, 
before starting the repair process, 
the reactor shell should be 
evaluated for internal bulging 

on both the internal diameter 

and the external diameter.’ 

Prior preparation before shell 
replacement: After excavating 
the damaged material, anew 

plate should be used to replace 
the damaged portion of the 
parent base metal. Parent metal 
replacement in pressure-retained 
areas is required for areas with 
hydrogen embrittlement cracking 
or any hydrogen damages (e.g, 
blisters). Before replacing the shell 
wall, it should be evaluated for 


distortion. The curvature of the 
shell wall should also be evaluated 
to match with an existing shell 
curvature. The defect section on 
the shell should be ground out 

by thermal gouging or grinding 
methods. The edges of the ground 
portion should be smooth, and all 
sharp edges and corners should 
also be ground out to produce a 
uniform surface finish. The same 
material of removed thickness 
and removed dimensions should 
be purchased and prepared. The 
construction material should be of 
the existing parent metal (SA336 
F22CL3), and dimensions should 
be equal. The new plate thickness 
should be equal to the nominal 
thickness of the parent material. 


¢ Replacement of the shell’s 


material. The rectangular and 
square plates should be used, with 
their corners rounded to a radius 
of at least 150 mm. The new plate 
material should be manufactured 
and supplied in the conditions as 
the existing shell (i.e., a quenched 
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TABLE 3. Welding procedure specifications for the GTAW process 


Welding procedure specification no. 


Welding process 


GTAW 


Joint (QW-402) 


Joint design 


Corrosion-resistant weld overlay 


Root spacing 


Not applicable 


Backing 


Yes 


Backing material 


Base metal and weld metal 


Base metal (QW-403) 


P. no. P5A P. no. - 
Group no. 1 Group no. - 
Thickness range 8mm Thickness range - 


Base metal groove Not applicable 


Base metal groove 


Not applicable 


Filler metal (QW-404) 


Specification no. (SFA) 


Barrier layer 


Subsequent layer 


AWS no. (Class) E-309 Nb E-347 
F-no. 5 5 
A-no. 8 8 

Size of filler metals 3.15, 49 3.15, 4 


Fillet 


Not applicable 


Not applicable 


Electrode flux (class) 


Not applicable 


Not applicable 


Flux type 


Not applicable 


Not applicable 


Flux trade name 


Not applicable 


Not applicable 


Consumable insert 


Not applicable 


Not applicable 


Other 


Chemical composition 


Chemical composition 


Backing: Yes/No Yes Yes 

Backing material (type) Parent metal Weld metal 
Root spacing Not applicable Not applicable 
Maximum pass thickness: 0.5 in. (13 mm) (Yes) (No) No No 


Filler metal product form 


Not applicable 


Not applicable 


Supplemental filler metal 


Not applicable 


Not applicable 


Positions (QW-405) 


Position of groove 


All 


Welding progression 


Uphill 


Preheat (QW-406) 


Barrier overlay Weld overlay 
Preheat temperature: Minimum 125°C 25°C 
Interpass temperature: Maximum 175°C 175°C 
Preheat maintenance 250°C Not applicable 


Other: Continuous or special heating, where applicable, 
should be recorded 


Method of applying heat for preheat and interpass temperature: Electric coil heating, 


which should be checked by a Thermapen 


PWHT (QW-407) 


Barrier overlay 


Weld overlay 


Temperature range 


Not required 


Not required 


Time range 


Not required 


Not required 


Soaking temperature 


Not required 


Not required 


Heating rate 


Not required 


Not required 


Cooling rate 


Not required 


Not required 


Method of heating 


Not required 


Not required 


Method of cooling 


Not required 


Not required 
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Gas (QW-408) 


Gas % composition (mixture) Flowrate 
Shielding Not applicable Not applicable Not applicable 
Trailing Not applicable Not applicable Not applicable 
Backing Not applicable Not applicable Not applicable 


Electrical characteristics (QW-409) 


Filler metal 


Current type Ampere Travel speed in Volts in 
Weld passes Process Classification Diameter, mm and polarity in range range,mm/min _ range, v Energy input 
Barrier overlay SMAW E-309 Nb 3.15 DCEP 80-100 107-140 22-26 1.6 
Barrier overlay SMAW E-309 Nb 4 DCEP 100-130 127-165 22-26 1.6 
Weld overlay SMAW E-347 3.15 DCEP 80-100 Not available 22-26 Not applicable 
Weld overlay SMAW E-347 4 DCEP 100-130 Not available 22-26 Not applicable 


Tungsten electrode size and type 


Not applicable 


Welding technique (QW-410) 


String or weave bead 


String or weave bead 


Orifice, nozzle or gas cup size Not applicable 

Initial and interpass cleaning (brushing, grinding, etc.) Stainless-steel wire brush or stainless-steel wheel grinding 
Method of back-gouging Not applicable 

Oscillation Not applicable 

Contact tube to work distance Not applicable 

Multiple passes or single pass (per side) Multiple passes per side 

Multiple or single electrodes E-309 Nb followed by E-347 

Electrode spacing Not applicable 

Peening No peening 


and tempered condition). No 
defect should be present on the new 
parent plate metal. The minimum 
diameter of the new plate should be 
at least 380 mm, with a maximum 
of 2,184 mm, depending on the 
location of the replacement and 
considering cutouts for attached 
piping or any other system (eg., 
nozzles). This cutout in the reactor 
wall should be assessed and 
prepared as per original drawings. 
The edges of the new plate should 
be prepared by machining or 
grinding. The edges should be 
subjected to NDT, and all defects 
must be removed and repaired. 
Additionally, the edge alignment of 
the new plate should be within the 
applicable design code. 

Welding: The welding should 

be a full-penetration butt weld of 
the double-v groove joints. The 
filler metal and electrode chosen 
should be based on the type of 
welding process. Before the joint 

is welded, it should be preheated 

to a maximum of 31$°C/hr/in. 


thickness. The weld joint should 
use an E8018 B3L electrode or 
E-80S B31 filler wire for single- 
metal arc welding (SMAW) or 
gas-tungsten arc welding (GTAW), 
respectively. Prior to welding, 

any grease, oil and/or scales 

must be cleaned off to avoid weld 
contamination. Welding procedure 
specifications for SMAW and 
GTAW are detailed in TABLE 2 and 
TABLE 3, respectively. 

Quality before post-weld heat 
treatment (PWHT): The final 
weld joint should be produced 
with minimum distortion, as 

well, to avoid a lack of fusion and 
penetration or any other defects. 
The final weld should have a 
smooth surface finish. The welding 
procedure qualification (WPQ) of 
the parent metal welding should 
be subjected to impact tests. An 
impact test is mandatory for WPQ. 
to produce reliable weld metal. 
The new plate should be 100% 
radiographed. After completing 
the weld, the full penetration joint 


should be 100% radiographed to 
ensure sound weld quality. 

¢ PWHT ofthe replaced plate: After 
ensuring quality, the thick-welded 
joint should undergo PWHT, which 
should be carried out only in weld 
joints. The PWHT chart should be 
equivalent to TABLE 1.° 

¢ Non-destructive evaluation after 
PWHT: After completing the 
PWHT, the weld joints should be 
subjected to 100% radiography. 
This will ensure that no new 
defects were generated after the 
PWHT process. Before resuming 
its service, the entire reactor, or at 
least the repaired portion of the 
reactor, should be subjected to a 
leak test or hydrotest to confirm 
the quality of the repair. FP 
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Use infrared thermal imaging for pump system 
condition monitoring and early failure detection 


Thermal imaging technology has 
evolved over the years, and investment 
costs have decreased significantly. Early 
deployment of thermal imaging technol- 
ogy in industrial applications was primar- 
ily geared towards electrical inspections. 
In recent years, these thermal imaging 
cameras have been successfully imple- 
mented for mechanical inspections, in- 
cluding rotating equipment. Typical ap- 
plications for thermal imaging fall under 
three main categories outlined here: 

¢ Electrical 

¢ Process/mechanical equipment 

¢ Building inspections. 

Mechanical equipment inspections, 
specifically for centrifugal pumps, will 
be the main focus of this article. Typical 
thermal imaging applications for pumps 
will be presented, including a specific 
case example showing an interesting case 
study that resulted in the identification of 
severe throttling/leakage across a multi- 
stage pump center-stage bushing. 


TYPICAL INSPECTION 
METHODOLOGIES 


Three main methodologies should be 
considered when implementing thermal 
imaging inspections as outlined here. 
The method applied depends on the 
equipment being inspected and the type 
of data required: 

« Baseline 

« Comparative 

« Thermal trending. 


Baseline method. Baseline inspection 
establishes a reference point of equip- 
ment operating under normal conditions 


and in good working order. The field of 
view (FOV) of the thermal camera may 
dictate taking several images to capture 
all components. For pump applications, 
it is advisable to take an image of the en- 
tire pump, including the entire casing, 
bearing housing(s) and mechanical seal 
support systems, including flush lines, 
heat exchangers, cyclone separators, etc. 


Comparative method. Comparative 
inspection compares similar compo- 
nents operating under similar condi- 
tions to analyze the condition of the 


~ 45.5 
F 


equipment being tested. When this 
method is applied correctly, the com- 
parative difference will be indicative of 
the condition. For pump applications, 
an example could be several pumps op- 
erating in parallel with individual mini- 
mum flow recycle valves. A comparative 
analysis of all recycle valves can identify 
a possible passing condition of one or 
more of the recycle valves. 


Thermal trending method. This 
method is used to compare tempera- 
ture distributions of the same compo- 
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FIG. 2. A plugged API Plan 11 flush connection. 
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FIG. 4. Multi-stage, axially-split, opposed impeller pump. 


nent over a period of time. This method 
works well for inspecting mechanical 
equipment when normal thermal sig- 
natures are complex. In these cases, 
thermal signatures indicate failure 
slowly, such as electrical components, 
valve leakage, seal flush line blockage 
or fouling, etc. 


PUMPING SYSTEM 
PRACTICAL APPLICATIONS 


The following outlines typical ther- 
mal imaging applications related to 
pumping systems: 

« Pump and driver bearing 

housings to baseline, and 
detecting early bearing failure 
or oil and cooling system 
inadequacies 

« Pump recycle and discharge 

check valve passing conditions 
¢ Mechanical seal support systems, 
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including flush lines, heat 
exchangers, cyclone separators 
and seal glands 

« Pump casings to detect 
center-stage throttle 
bushing distress. 


Mechanical seal support system. A 
thermal signature of a mechanical seal 
API Plan 21 seal flush system, includ- 
ing the heat exchangers, is shown in 
FIG. 1. Thermal imaging identified high 
skin temperatures on the heat exchanger 
shells resulting from fouling of the water 
side of the cooler. 

FIG. 2 shows a thermal signature of 
an API Plan 11 seal flush line, which 
showed significant temperature differ- 
ence (~26°F) between the take-off point 
and the downstream seal flush line. Peri- 
odic thermal scanning can quickly iden- 
tify plugged seal flush lines, which can 
result in early mechanical seal failure. 
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FIG. 5. A 12-stage, opposed impeller with 


center-stage bushing. 


FIG. 6. Baseline signature with uniform casing 
temperature. 
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FIG. 7. Thermal signature with casing 
temperature anomaly. 


Pump recycle valve passing condi- 
tion. FIG. 3 shows a thermal signature of 
a boiler feedwater pump recycle valve, 
where the temperature profile across the 
valve clearly indicates a passing condi- 
tion. As shown, the recycle line down- 
stream of the recycle valve is similar to 
the process fluid temperature. 


Multi-stage pump center-stage 
bushing failure. A typical axially split, 
multi-stage, opposed impeller design 
pump is shown in FIG. 4. The opposed im- 
peller design is used by pump designers to 
balance axial thrust forces, and requires a 
center-stage bushing to isolate the higher 
pressure from the crossover stages. 

FIG. 5 shows a 12th-stage, opposed 
impeller design with the center-stage 
bushing to isolate the 12th stage from 
the 6th stage. This center-stage bushing 
arrangement is designed for controlled 
throttling of this high differential pres- 
sure across the bushing, as well as for hy- 
drodynamic support of the rotor. 
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FIG. 8. Casing anomaly with high-resolution 
palette. 


The subject-produced water injection 
pumps were critical to plant operations 
and, therefore, were tested annually to 
monitor and trend performance. Part of 
this testing included thermal imaging 
checks compared to baseline thermal 
signatures to identify any anomalies for 
early detection of failures. 

A baseline thermal signature under 
normal conditions (FIG. 6) shows a uni- 
form casing temperature across the pump 
with no more than 1°F (0.8°F) difference. 

During subsequent tests, operations 
began to complain about a decrease in 
injection flowrate for this particular 
pump. This was confirmed during the 
performance testing, which indicated 
a significant amount of total dynamic 
head (TDH) deterioration (~6%). 
When the thermal imaging was con- 
ducted on the pump casing and com- 
pared to the baseline image, a significant 
temperature gradient was noticed across 
the center-stage bushing. The pump cas- 
ing was now showing a temperature dif- 
ference of ~4°F across the center-stage 
bushing (FIG. 7). 

FIG. 8 shows the same casing thermal 
image with a high-resolution tempera- 
ture palette applied, which clearly shows 
the temperature difference on both sides 
of the center-stage bushing. 

FIG. 9 shows the results of the inspec- 
tion of center-stage bushing, showing 
the significant erosion damage. This was 
confirmation of the identified anomaly 
detected with the thermal imaging. 


Takeaway. Based on the casing thermal 
signature anomaly and the measured 
head deterioration, it was suspected that 
the center-stage bushing running clear- 
ance may have increased, resulting in ex- 
cessive leakage across the bushing. With 
this condition, a temperature rise will 
occur due to the Joule-Thomson Effect. 
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FIG. 9. Center-stage bushing and case split-line damage. 


The temperature increase of the fluid 
leaking from 12th-stage discharge back 
to 6th-stage crossover resulted in the ob- 
served casing temperature profile. Based 
on these findings, it was recommended 
to inspect and overhaul this pump at the 
next opportunity. 

Upon internal inspection, the cen- 
ter-stage distress was confirmed. The 
loss of center-stage bushing clearance, 
and subsequent excessive leakage rate, 
resulted in significant casing split-line 
damage from high-velocity cutting. In- 
ternal inspection also confirmed the 
presence of an abnormal amount of 
abrasive material, which was deter- 
mined to be the root cause of the loss of 
running clearances. 

The cost of thermal imaging equip- 
ment has become more economically 
attractive for maintenance and reliabil- 
ity professionals. Using thermal imaging 
for condition monitoring of pumps and 
other rotating equipment can identify 
thermal anomalies and provide early de- 
tection of pending failures. 

The aforementioned case studies are 
good examples of how these techniques 
can be applied to pump condition moni- 
toring. The case studies resulted in not 
only early detection of failures, but also 
can be used to identify energy savings 
potential, as with the case of passing 
pump recycle valves. 


Many of the common pitfalls of using 
infrared devices, such as emissivity and 
other issues, were not addressed here. A 
slight learning curve exists for effective 
measurement and analysis. 

Training and certification courses 
are readily available to maximize any re- 
turn on investment of this technology. 
As with all field related activities, safety 
should come first. Thermal imaging in 
the field can inhibit the ability to keep 
“eyes on path,” which can result in po- 
tential slips, trips and falls. HP 
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Ensuring safety in dynamic chemical 
manufacturing environments 


As with all industries, chemical manu- 
facturing is evolving in response to tech- 
nical innovations, new customer require- 
ments and increased global competition. 
Asa result, batch production is becoming 
more common and specialty chemicals 
represent a greater percentage of orders. 

For many manufacturers, greater 
product diversification and fluctuating 
demand translates into increased opera- 
tional complexity, which can have a sig- 
nificant impact on workplace safety. That 
is because continual shifts in production 
can put considerable stress on pumping 
systems that are the heart of every pro- 
duction facility (FIG. 1). 

In the interest of safety and flexibility, 
there is a trend among manufacturers to 
install heavy-duty API pumps, which are 
more robust and durable. Over the past 
decade, there has also been an uptick in 
the use of sealless pumps. These devices 
eliminate the need for mechanical seals 
that were necessary to reduce leakage and 
capture fugitive emissions. 

These components have strong selling 
points; however, there are trade-offs. API 
pumps are more expensive and might not 
always be available in the required metal- 
lurgy. Sealless pumps can be more sensi- 
tive to less than ideal operating conditions 
and process upsets, which can result in in- 
creased maintenance. 


Design considerations to ensure 
safe chemical pumping. To ensure safe 
chemical pumping, the best approach is 
the most obvious: install the right con- 
figurations for specific production needs. 
However, that is sometimes easier said 
than done. Operators with special chemi- 
cal formulations may not have a reference 


list of chemical elements and specifica- 
tions for safe pump configuration, which 
is an important first step in selecting the 
best pumping solution and pump material 
for construction. 

In instances like that, which are be- 
coming more familiar, the best option is 
to collaborate with experts to assemble a 
design solution. Original equipment man- 
ufacturers (OEMs) and suppliers have the 
experience, expertise and tools to assess 
risk factors and determine the best com- 
ponents to use. 

Corrosion is the biggest concern be- 
cause of the harm it can do to a pump and 
the increased possibility of leaks that result 
(not to mention the higher replacement 
rate and operating costs). Oftentimes, 
there is a bit of give-and-take between met- 
allurgies when settling on the right materi- 
al for combating corrosion. Engineers rely 
on charts that show the rate of corrosion 
to determine how long a pump will last 
when pumping various types of chemicals. 
Knowledge of the liquid properties relative 
to temperature and chemical concentra- 
tion are significant factors in their calcula- 
tions. Pumping 5% of chemical “X” can be 
vastly different than pumping 35% of the 
same chemical because, at higher concen- 
trations, it may have much higher corro- 
sive characteristics. A similar impact can 
be created if the temperature of a given liq- 
uid were to elevate due to a process upset 
condition. That could encourage a similar 
level of corrosive attack, even if the chemi- 
cal concentrations remain the same. 

Temperature and vibration are other 
important variables that can affect safe 
pumping operations. Too much of either 
can cause excessive wear and decrease 
pump life and performance. Plastic and 


metal have different tolerances; therefore, 
it is vital to match the right material with 
every application. When working with 
certain chemicals, plastic can be more for- 
giving than metals, which is why engineers 
will design pumps with plastic parts for 
optimal performance and safety. 


Monitoring and maintenance. De- 
signing for safety is one thing; consistent- 
ly achieving that goal is another. However, 
like the design process, there is more than 
one way to get it right. 

In most production facilities, engineers 
perform regular walkaround inspections 
to monitor equipment. For pumps that 
run continuously, these examinations 
might be part of a daily routine. For other 
pumps that run intermittently, a weekly or 
monthly check may suffice. Regardless of 
schedule, the key outputs typically moni- 
tored to assess pump performance and 
safety are temperature, vibration, pres- 
sure, power and flow. 

During these inspections, the visual 
presence of leakage is a dead giveaway that 
something is not right. Failure of the shaft 
sealing systems are typically where pumps 
in chemical applications break down, and 


FIG. 1. ANSI pumps running in a parallel system. 
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leakage is the visual tell of this wear. De- 
pending on the chemical being pumped, 
the makeup could be very dangerous if 
leakage occurs. Plant personnel should set 
maintenance schedules based on applica- 
tions, with more frequent monitoring for 
mission-critical processes. 

The bigger the facility, the more poten- 
tial trouble spots there are to inspect. For- 
tunately, plant operators have a powerful 
new ally in the form of remote monitor- 
ing technologies. These devices can easily 
integrate into existing systems and collect 
data around the clock. The information is 
relayed via Bluetooth or internet connec- 
tion to a condition monitoring control 
center where operators can track daily and 
long-term performance. 

Ongoing digital monitoring of equip- 
ment provides greater visibility into floor 
operations and enables swift and accu- 
rate decision making that can improve 
safety. For example, plant operators can 
track equipment breakdowns and ongo- 
ing maintenance costs. Armed with this 
information, they have a much better un- 
derstanding of when it is time to replace 


components, thereby preventing a system 
failure that could potentially cause harm 
to workers and the environment. 

In general, only around 20% of chemi- 
cal manufacturing processes are equipped 
with monitoring devices. However, for 
mission-critical applications, the adoption 
rate increases to approximately 60%—70%. 
Given the costs associated with unplanned 
downtime, this is a reasonable approach. 
The average length of downtime is 4 hr 
and can result in $1 MM in lost revenue.’ 

However, it is also important to note 
that 70% of unplanned downtime events 
occur on second or third shifts, which are 
typically staffed with fewer workers. With 
digital monitoring, industrial operators 
have a 35% better chance of preventing 
unplanned downtime and the associated 
safety risks from equipment malfunction.' 


Begin with the end in mind. When 
new chemical compounds are created, it is 
common to assign a pilot plant to develop 
the manufacturing process and document 
the ideal methods and materials for a 
pumping system. Typically, it is a trial-and- 


error process. The end result is a most ef- 
fective technology, which can be shared, as 
appropriate, with manufacturing partners. 
That same method can be applied to 
daily operations, especially as special or- 
ders and batch production become more 
common. Chemical manufacturing is a 
test-and-learn proposition. We always face 
new challenges, which is why our best prac- 
tice must keep getting better. The more we 
can anticipate which production elements 
could be improved in the name of safety, 
more problems can be prevented. FP 
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Double-tubesheet heat exchangers: 
Necessities and challenges 


Among all types of heat exchangers, 
shell-and-tube heat exchangers are in 
huge demand for industrial applications. 
They are suitable for highly corrosive op- 
erating fluids and are appropriate for a 
broad range of pressure and temperature 
conditions. These heat exchangers are 
equipped with a single partition between 
the shell-side and the tube-side fluid that 
is popularly known as a tubesheet. 

Leakage can typically occur through 
the tube-to-tubesheet joint, which is gen- 
erally the weakest point in heat exchang- 
ers. This leakage can contaminate the 
other side with lower operating pressure, 
adversely affecting process parameters. 
These leakages cannot be avoided even 
after properly designing the tube-to- 
tubesheet joint by using a strength-weld- 
ed and light-expanded joint with an ap- 
propriate mockup in the fabrication stage. 

This article discusses double- 
tubesheet exchangers with a covered 
connected-shroud shell arrangement and 
presents special precautions and guide- 
lines for manufacturers during fabrication, 
testing and assembly of double-tubesheet 
heat exchangers. It also presents two dif- 
ferent assembly sequences that, if imple- 
mented by manufacturers, can provide a 
quality product. 

Double-tubesheet heat exchangers are 
used for applications where the mixing 
of tube-side and shell-side fluid must be 
avoided. For example, chlorosilanes— 
either on the shell or tube side—leak 
through the tube-to-tubesheet joint and 
mix with water. They readily react with 
water to form corrosive hydrogen chlo- 
ride (HCI) gas and hydrochloric acid, 
along with heat. Many chlorosilanes 
evolve into flammable gaseous hydro- 
gen gas during exposure to water. Such a 
scenario obviously prohibits the mixing 
of shell-side and tube-side fluids. A com- 


parison between a typical shell-and-tube 
heat exchanger and a double-tubesheet 
heat exchanger is presented in FIG. 1. 

Another example of leakage is con- 
densers in power plants. In condenser 
applications, water is used as a cooling 
medium—the cooling water (raw water) 
can be sea water, river water, tank or pond 
water. Cooling water can be brackish and 
full of contaminants; since the steam side 
is under vacuum, this water can find a way 
into the steam-condensed water through 
a tube-to-tubesheet joint. The potential 
for leakage of cooling water arises from 
tube failures, which are caused by a va- 
riety of factors. Mixing of cooling water 
contaminates the feed water, leading to its 
unacceptable chemistry. 

This condensate goes to the hot well 
and is then pumped to the boiler with 
the help of a boiler feed pump. The cool- 
ing water mixing with condenser water 
leads to many problems on the boiler 
side. The affected conductivity and 
pH level of the boiler water can disturb 
boiler performance. 

The primary concern is preventing 
contamination of treated and demineral- 
ized water due to the leakage of circulating 
cooling water into the condenser steam 
space. To overcome this possibility, the 
provision of double-tubesheet construc- 
tion for power station condensers is man- 
datory in some countries. 

To date, no method of joining tube- 
to-tubesheet exists that completely elimi- 
nates the possibility of leakage. With 
double-tubesheet type construction, any 
leaks through a tube-to-tubesheet joint 
will accumulate in the space between two 
tubesheets rather than leaking and contam- 
inating the fluid on the other side. There- 
fore, while double tubesheets will not ne- 
gate leakage, they will eliminate the mixing 
of shell-side fluid with tube-side fluid. 
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FIG. 1. A typical shell-and-tube heat exchanger 
vs. a typical double-tubesheet heat exchanger. 


Construction. The conventional double- 
tubesheet exchanger has two tubesheets 
at both ends of the tubes. Generally, ad- 
jacent tubesheets are connected with each 
other by tubes. Alternatively, shroud shells 
can be used to cover the gap between two 
tubesheets. In this case, leaked fluid from 
either side is collected in a shroud shell. 

The shell-side tubesheet of a double- 
tubesheet U-tube unit can be constructed 
with any attachment method suitable for 
removable bundle construction. In the 
case of a fixed-tubesheet arrangement, 
the shell-side tubesheet is welded with 
a shell, whereas the tube-side tubesheet 
may be bolted or welded with a channel. 
In the case of a drastic difference in mean 
metal temperature of the shell side and 
tube side and different metallurgy used 
for the shell-side and tube-side tubesheet, 
a shroud may be provided with an expan- 
sion bellow, as shown in FIG. 2. 

Typically, the Tubular Exchangers 
Manufacturers Association (TEMA) 
covers three types of double-tubesheet 
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construction, shown in FIG. 3. In all 
three types of constructions, care should 
be taken while designing the tube-to- 
tubesheet joint. Primarily, the tube-to- 


ly transfer all mechanical and thermal axial 
loads between the tubesheets. 

In general, various types of stresses 
originated in the construction include: 


Leakage can typically occur through the tube-to- 
tubesheet joint. Careful selection of the type of 


tube-to-tubesheet joint and the sequence of welding 
and expansion within the tubesheet are vital. 


tubesheet joint on the tube side must 
be strength-welded with light expansion 
(FIG. 4) to eliminate the possibility of a 
leakage of the tube-side fluid through 
the tube-to-tubesheet joint. On the other 
side, the tube-to-tubesheet joint on the 
shell side must be grooved with a mini- 
mum of two grooves and expanded to 
the full length, as shown in FIG 5. This 
grooved expansion joint must be selected 
considering the fact that on the tube-to- 
tubesheet joint of the shell side, welding 
is practically impossible. 


Design. In connected (FIG. 3B) and inte- 
gral (FIG. 3A) double-tubesheets, axial load 
distribution is accomplished by an inter- 
connecting element/shroud shell (in the 
case of a connected double-tubesheet) or 
an integral portion of the tubesheet (in the 
case of integral double-tubesheet). In the 
integral double-tubesheet construction, an 
interconnecting element is so rigid that it 
distributes thermal and mechanical radial 
loads between the tubesheets and prevents 
the individual radial growth of tubesheets. 
For both constructions, tubes can mutual- 
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FIG. 2. With a drastic difference in mean metal 
temperature of the shell side and tube side 
and different metallurgy used for a shell-side 
and tube-side tubesheet, a shroud may be 
provided with an expansion bellow. 
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- Differential pressure stresses due to 
a difference in operating pressures 
between tube-side fluids and shell- 
side fluids 

- Axial stresses due to tension 

or compression of the tubes; 

differential thermal expansion 

between shell and tubes is another 
parameter that induces axial stresses 

Shear stresses induced due to 

differential thermal expansion 

between the tubes and tubesheet 

in radial direction 

Thermal and pressure stresses 

induced due to upset conditions. 

Interconnecting elements and tubes 
between tubesheets of the connected 
double-tubesheet must be designed ac- 
cording to these parameters: 

+ Interconnecting element—Radial 
shear stress at the junctions due to 
differential thermal expansion of the 
tubesheets 
Interconnecting element—The 
combined stresses due to bending 
and axial tension induced due to 
differential thermal expansion of 
tubesheets and thermal expansion of 
tubes, respectively 
Tubes—Axial tensile or 
compressive /buckling stresses 
acting due to operating pressure and 
thermal expansion. 


Fabrication and _ testing. Tube-to- 
tubesheet leak tightness is directly af- 
fected by how the double-tubesheet ex- 


Shell-side _ Tube-side 
tubesheet tubesheet 
tahies clanmahirscall 
C 


FIG. 3. Integral (A), connected (B) and separate (C) double-tubesheet type constructions. 
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changers are manufactured. High-quality 
tubesheets, baffles and tube supports are 
produced by drilling holes—either in- 
dividually or in a stack—with the help 
of computerized numerically con- 
trolled (CNC) machines. The 
CNC machines ensure that holes 
in tubesheets, baffles and supports 
plates are concentric and precise 
enough to allow them to be eas- 
ily occupied by tubes. If tubesheets 
and baffles/support plates are 
stacked and drilled on conventional 
radial drilling machines, the drill 
can drift as it penetrates the stack. 

During assembly, hole-to-hole posi- 
tions may also be displaced if tubesheet 
main center lines are not maintained 
congruently. Additionally, major diffi- 
culties may also be created if tubesheets 
are not kept parallel with each other. 
For these reasons, it is important for a 
purchaser to review the manufacturer's 
equipment/tools and techniques used 
for drilling and assembly. 

Guidelines for manufacturers to en- 
sure proper assembly include: 

¢ Tube-side and shell-side faces of 

a tubesheet should be machined 
flat and perpendicular to tube 

(and bolt) holes. Adjacent faces of 
tubesheets should also be machined 
in similar fashion from just outside 
of outside tube limit (OTL) to the 
tubesheet periphery. 

« Asuitable number of spacers (made 
from pipe, rod or plate) should be 
prepared and preciously machined 
to the specified gap distance 
between the tubesheets. 

The spacers must be placed 

equally on the periphery between 

the pair of tubesheets. These 

aligned tubesheet pairs should be 
clamped and kept in place until all 
tubing, tube-to-tubesheet joining, 
and tubesheet-to-shell/channel 
assembly have been completed. 

« A Go gauge machined from a rod 
that is slightly longer than the 
distance between the outer faces of 
the tubesheets should be prepared. 
The Go gauge ensures free entry 
of tubes in the tube holes of both 
tubesheets. Before tubing the 
assembly, randomly check each 
quadrant of the tubesheet layout 
to ensure that the gauge is entering 
freely. Since non-concentric holes 


in adjacent double-tubesheets 
induce bending and shear forces 
on tubes and tubesheet ligaments, 
their concentricity is ensured 
with this Go gauge. 

« Tubesheet ligament tolerances 
should be strictly ensured, as per 
TEMA Table RCB 7.22 or RCB 
7.22M.' With double-tubesheet 
constructions, these tolerances 
can be made tighter based on 
the manufacturer's capabilities 
and confidence. 

Careful selection of the type of tube- 
to-tubesheet joint and the sequence 
of welding and expansion within the 
tubesheet are vital. Displaced holes and 
ligament distortions make it very difficult 
to produce tight expanded joints. The 
outer tubesheet joints can be made tight 
by welding. However, the challenge re- 
mains at the inner tubesheet, where joints 
can only be made by the process of expan- 
sion, as there is no access for welding. 

In general, tube end rolling (expan- 
sion) within the tubesheet should al- 
ways follow the welding of the tube-to- 
tubesheet joint. This is due to: 

+ Tube expansion (rolling) before 
welding may leave lubricant from 
the tube expander in the tube holes. 
Other fabrication impurities can 
also accumulate at the tube ends. 
Satisfactory welds are rarely possible 
without extreme cleanliness. 

+ During tube expansion and before 
welding, the expander pushes 
tubes against the inside surface of 
the tubesheet in the tube holes, 
creating uneven gaps between the 
outer periphery of the tube and 
tube hole within the tubesheet. 
Successful welding with an uneven 
weld gap is very difficult. 

« Tube-to-tubesheet joint welding 
after expansion creates uneven tube 
movement within the tubesheet 
due to tube thermal expansion. This 
leads to non-uniform tube tightness 
with the tubesheet surface within 
the tube holes, which was already 
achieved by rolling operation. 

« Tube-to-tubesheet joint welding 
after expansion will trap the 
welding gases in the space between 
the outer tube surface and the 
tubesheet hole. 

During tube expansion, the expanded 

portion should never extend beyond the 
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shell-side face of the tubesheet since the 
removal of such a tube is extremely diffi- 
cult. Additionally, tube expansion for the 
inner tubesheets should happen before 
welding to the outer tubesheets.” 

Consequently, the correct sequences 
of assembly and testing are very im- 
portant while fabricating the double- 
tubesheet construction, particularly in a 
fixed tubesheet—such as TEMA L, M, 
N and outside-packed floating heads (P- 
type rear heads)—where the number of 
tubesheets become four considering a 
double-tubesheet arrangement. In such 
cases, insertion of tubes through all four 
tubesheets becomes critical and presents 
many challenges within the facility. U- 
tube, double-tubesheet constructions are 
relatively easy in assembly. 


FABRICATION AND 
ASSEMBLY SEQUENCES 


Fabrication and assembly sequences 
are presented here for a fixed double- 
tubesheet heat exchanger. 


Method 1: 

¢ In the case of small-diameter shells, 
the tubesheet/baffle/tie rod/spacer 
skeleton should be built outside the 
shell, considering the inaccessible 
shell inside area. The same can be 
made inside the shell (in the case of 
a larger-diameter shell) where the 
operator can enter inside and work. 

¢ The first bundle skeleton should be 
made with a tie-rod end tubesheet 
pair in place, as well as spacers and 
clamping, as discussed previously 
(FIG. 6A). 

¢ The skeleton is then inserted into 
the main shell. The non-tie rod end 
tubesheet pair (along with spacers 
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FIG. 4. A tube-to-tubesheet (tube side) joint. 
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FIG. 5. A tube-to-tubesheet (shell side) joint. 
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tie rod end) to enable tube entry 
through the holes in the tubesheets 
and baffles/support plate (FIG. 6C). 
Welding from the tubesheets to 

the main shell and non-destructive 
examination (NDE) are carried out 
(FIG. 6C). 

Both ends of the shell-side tube- 
to-tubesheet joint expansion in 
grooves will be carried out. The 
length of mandrel must be suitable 
for tube expansion inside the 


and clamping) should also be kept 

in line. Tack welding of the shell 

with shell-side tubesheets should be 
carried out (FIG. 6B). . 
Tubes should be inserted from the 

tie rod end tubesheet pair through 

the skeleton and guided through 

the holes of the non-tie rod end . 
tubesheet pair. Typically, a guiding 

rod of very small diameter (less 

than the tube inside diameter) is 

used from the opposite end (non- 
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FIG. 6. (A-C) A fabrication and assembly sequence (A-F) has been presented for a fixed 
double-tubesheet heat exchanger. 
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tubesheet, shown in FIG. 6D. Both 
ends of the channel-side tube-to- 
tubesheet joint strength welding 
and light expansion are completed. 
Tube-to-shell side tubesheet 

joint leak testing (with helium 

or air) is done based on project 
specific requirements. The tube- 
to-tubesheet joint on the shell side 
is tested for shell-side hydrotest 
pressure. Any leakage can be seen 
from the free space between the 
pair of tubesheets (FIG. 6D). 
Channel assembly, which has been 
prepared in parallel, is connected 
and bolted with the main shell 
assembly (FIG. 6E). The tube-to- 
tubesheet joint, as well as other 
tubeside joints, are tested for 
tube-side hydrotest pressure and 
any leaks can be detected from 

the free space between the pair of 
tubesheets (FIG. 6E). 

The shroud shell is rolled separately 
in two pieces and match fitted to 
ensure perfect roundness. 

After completion of all the tests, 
the tubesheet spacers and clamping 
arrangement are removed. The 
shroud shell is inserted in the space 
between the pair of tubesheets 

in two different parts and is then 
welded along the length with a 
root run by tungsten inert gas 
(TIG). The shroud shell is welded 
with the tubesheets (FIG. 6F). 

A shroud shell hydrotest 

is not required. 


In Method 1, the shroud shell is fit- 
ted at the very end. This allows visibil- 
ity through the space between the pair of 
tubesheets, especially during hydrotest.* 


Method 2. Method 1 may present diffi- 
culties in inserting the shroud shell in two 
parts—welding along the length and then 
with the tubesheet. To overcome this dif- 
ficulty, an alternate method (Method 2) is 
presented here. All the steps in Method 1 
should be followed except: 


The shroud shell is prepared 

and tack welded with one of the 
tubesheets on the tie-rod end 

side and the pair of tubesheets 

are prepared. In this arrangement, 
tubesheet clamping is still required; 
however, tubesheet spacers can be 
avoided as the shroud shell will now 
act as spacers. In similar fashion, the 


non-tie rod end tubesheet pair is 
also prepared. 

¢ The tube-to-tubesheet joint on the 

shell side is tested for shell-side 
hydrotest pressure. Any leakage 
must be detected with a drop 

in pressure because—with the 
presence of the shroud shell—there 
is no visibility in the space between 
the pair of tubesheets. 

The manufacturer can alter the inter- 
mediate fabrication and testing sequences 
based on shop facilities, experience and 
individual technical capability. 


Drawbacks of double-tubesheet 
heat exchangers. Although the total 
surface area of the exchanger is more, the 
effective surface area is reduced signifi- 
cantly because the effective tube length is 
measured between the inside faces of the 
shell-side tubesheet. The tube length sur- 
face area in the shroud area is not consid- 
ered as a heat transfer area. This increases 
the required tube length and, in turn, the 
overall length of the exchanger, further 
increasing the cost of the heat exchanger. 

The addition of two more tubesheets 
in double-tubesheet construction increas- 
es the cost further. 

As discussed in previous sections, many 
criticalities and difficulties are involved in 
tubesheet/baffle/support plate drilling 
and machining, especially to achieve tube 
hole concentricity and tubesheet surface 
parallelism. Additionally, challenges exist 
in the correct sequence of assembly, mak- 
ing it difficult to produce quality product. 

Maintenance of these heat exchangers 
can be very difficult, particularly tube re- 
moval and replacement since the tube has 
been fixed with tubesheets in four places. A 
better option is to plug the damaged tubes. 

The arrangement is only possible in 
a fixed tubesheet, a U tube and outside- 
packed floating head. During the opera- 
tion, the vents/drains of the shroud shell 
must be regularly monitored to avoid mix- 
ing of hazardous or carcinogenic fluid into 
the atmosphere. 


Takeaway. Well-planned fabrication and 
assembly sequences can be useful while 
manufacturing double-tubesheet heat ex- 
changers. These heat exchangers are also 
required in the pharmaceutical indus- 
try for sanitary applications and are de- 
signed to meet that industry’s high-qual- 
ity requirements and hygienic standards. 


These heat exchangers are also required 
in polysilicon manufacturing plants, as 
well as solar power plants. Distilled hex- 
ane reboilers, hexane heaters and titani- 
um chloride heaters in the petrochemical 
industry are further examples. 

This paper has presented reasons for 
selection of such types of heat exchang- 
ers, various types of stresses in tubes, 
tubesheets and shroud shell, fabrication, 
assembly sequences and testing meth- 
odologies. Either of the two proposed 
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assembly sequence methods can be ad- 
opted by a manufacturer. HP 


LITERATURE CITED 

' Standards of the Tubular Exchanger Manufacturers 
Association (TEMA), 9th Ed., New York, January 
2007. 

> Perry’s Chemical Engineers Handbook, 7th Ed., 
Mc-Graw Hill Publications, 1997. 

+ A Working Guide to Shell and Tube Heat Exchangers, 
Stanley Yokell, Mc-Graw Hill, 1990. 


PURUSHOTTAM M. MISAL works for Fluor in 
New Delhi, India. The author can be reached at 
Purushottam.m.misal@fluor.com. 


Tyee 90 
TUBESHEET 
(NON TIE ROD END) 


STEP 2 ; STRENGTH WELD 
wid UcHT SS, 
EXPANSION 


TURFSHEFT 
SPACERS 


‘STEP 2 ; SHROUD SHELL 
TO TURFSHEET 


STEP 1 : SHROUD SHELL LONG SEAM 
WELDING IN TWO PARTS 
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Improved measurement of water content 


in natural gas 


Consumers likely imagine natural gas 
as a stream of pure methane. Those who 
are closer to the energy industry know 
that methane is the major component, but 
there can easily be dozens of other sub- 
stances making up a sizeable portion of 
the total volume. Natural gas producers, 
pipeline operators and major industrial 
users—such as various types of petro- 
chemical plants—have reason to be con- 
cerned about what is in the mix (FIG. 1). 

Contaminants in natural gas can cause 
a variety of problems for pipeline opera- 
tors and petrochemical plants, especially 
when combined with water. This makes 
accurate and reliable measurement of wa- 
ter content in natural gas streams critical, 
but traditional techniques often fall short. 
Fortunately, new analyzers offer much- 
improved performance. 


! Natural 
gas composition is controlled to some 
extent. Wherever natural gas is traded 
commercially, there are regulations as to 
its chemical content and attributes, such 
as calorific value. Local specifications and 
ranges vary, but, typically, there are limits 
for total sulfur, hydrogen sulfide (H,S), 
carbon dioxide (CO,), oxygen and wa- 
ter. This list is not exhaustive, as there are 
many other possible components, such as 
higher hydrocarbons and other diluent 
gases. The common element of these spe- 
cific components is that they are contami- 
nants and considered undesirable: 

¢ Sulfur and its many compounds 

represent the most widely 
encountered contaminant in all 


fossil fuels, including natural gas— 
and they are known for their 
toxicity and pollutants produced 
during combustion. 

« Oxygen degrades amine and some 
mercaptans, which are used in 
natural gas treatment. 

« CO, dilutes the overall heat value. 

The greater problem results when 

these contaminants combine with another 
contaminant: water. All of them work to- 
gether with water to produce acids capable 
of attacking carbon-steel piping, valves 
and other equipment to cause internal cor- 
rosion and metal loss over time (FIG. 2). 
Natural gas pipelines can corrode from the 
outside and inside, but internal metal loss 
is more difficult to recognize and measure. 


The Pipeline and Hazardous Materi- 
als Safety Administration’s (PHMSA’s) 
“Pipeline Corrosion” report summarizes 
the situation: “Typically, sales-quality 
dry gas will not corrode pipeline inte- 
rior surfaces. However, natural gas, as it 
comes from the well, may contain small 
amounts of contaminants such as water, 
carbon dioxide and hydrogen sulfide. 
If the water condenses, it can react with 
the carbon dioxide or hydrogen sulfide to 
form an acid that might collect in a low 
spot and cause internal corrosion.” 

This leaves natural gas producers, pipe- 
line companies and users understandably 
concerned about water content—both 
liquid and vapor—in the gas flow, since a 
pipeline leak or break caused by unchecked 


1. Since natural gas can come from a variety of sources (fossil and renewable), its composition 
and attributes vary. 
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corrosion can cause enormous damage. 

As a given volume of gas makes its way 
from a source to its consumption point, 
it may experience variations in tempera- 
ture, above and below the immediate dew 
point, causing water to change phase mul- 
tiple times. If enough vapor condenses in 
a cold section of pipe, liquid water can ac- 
cumulate in a low spot. If the temperature 
is cold enough, water accumulations can 
freeze, causing solid clogs. Even if the wa- 
ter remains a liquid, it may cause enough 
of a blockage to force the gas velocity to 
increase, entraining water droplets in the 
gas stream or pushing liquid slugs that ac- 
cumulate somewhere else downstream. If 
a slug reaches the final use point (e.g., gas 
turbine), it can cause serious damage. 

Water can be removed by chemical and 
physical mechanisms, but this adds pro- 
cessing costs. Consequently, there is little 
incentive to treat gas once it meets the 
standard for tariff gas. This amount varies 
between SO ppmv-200 ppmy, depending 
on the location. Once water is below the 
limit, it is less of a problem—provided it 
stays there and continues to flow from a 
reliable source. The supply can and will 
change at various times, so there is no rea- 
son to assume that conditions at one time 
or location will invariably persist. Given 
all these considerations, knowing the spe- 
cific moisture content of the gas flow in 
real time is critical. 


Measuring water content. A small 
selection of measurement technologies 


can determine the amount of water in a 
natural gas pipeline, and, as is normally 
the case with instrumentation, each has 
its combination of practicality, accuracy 
and cost trade-offs. All typically involve 
extracting a sample for individual testing, 
rather than inserting a sensor for a con- 
tinuous real-time reading. The following 
are several common electrochemical and 
electromechanical approaches: 

¢ Aluminum oxide: Water content 
is determined by measuring the 
change of capacitance of water 
molecules captured in microscopic 
pores across the sensor surface. After 
an increase in water content, the 
pores must be dried. Problems occur 
when molecules are trapped inside, 
as this causes incomplete drying, 
or when surface contamination 
clogs pores, keeping molecules out. 
This technique can also misidentify 
glycol and methanol content as 
water. These characteristics make 
these types of instruments prone 
to drifting and, therefore, to being 
maintenance intensive. 

« Phosphorus pentoxide: Gas 
passes through a cell containing 
electrodes coated with phosphorus 
pentoxide able to electrolyze water 
molecules. Current passing through 
the electrodes is proportional 
to the amount of water present. 
Combining the gas flowrate with 
the consumed current yields 
an absolute moisture content 


FIG. 2. When water mixes with other contaminants in natural gas, corrosive acids can form 
that can attack carbon-steel piping from the inside. 
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measurement. However, the reading 
can be distorted by changes in 
flowrate through the analyzer or 
methanol content in the gas, which 
is read as water. The sensor is also 
susceptible to contamination like 
aluminum oxide and must be 
replaced ona regular basis, thus 
increasing operational costs. 
¢ Quartz crystal microbalance: 
Sample gas is fed into a chamber 
where water molecules condense on 
a chilled surface attached to a quartz 
crystal. The action assesses the 
change in mass of the microscopic 
amount of liquid that forms. This 
approach has high sensitivity, but it 
cannot differentiate between water 
and other liquids that condense, 
such as glycol. Ifthe mechanism 
does not fully dry between samples, 
then readings will appear higher 
than actual. Corrosion inside the 
chamber is common when H,S and 
CO, are present in the sample. 

¢ Chilled mirror: This approach 
calculates water content by 
determining the dew point. A glass 
surface inside the sample chamber is 
chilled until the dew point is reached 
where condensation forms, which 
can be detected optically or by visual 
inspection. Again, this technique 
lacks the ability to identify water 
specifically apart from other liquids 
that may be in the stream. 

A common drawback to these ap- 
proaches is the potential for contamina- 
tion (TABLE 1). Some contaminants—such 
as compressor oil, methanol and amine— 
can cause slow or inaccurate readings. 
Other contaminants can poison the sen- 
sor and require replacement. For example, 
chlorine and ammonia traces in enough 
quantities can damage all these technolo- 
gies, except for phosphorus pentoxide. 

The problem, ultimately resulting 
from a poorly performing electrochemi- 
cal sensor, is a mistrust of the technol- 
ogy. Operators simply assume that the 
reading is incorrect, and act on whatever 
estimate they substitute for reliable data. 
This leaves two possibilities. First, they 
assume that the gas cannot possibly have 
as much water as the sensors indicate, so 
they take less action than is truly merited, 
thus allowing the corrosive conditions to 
get worse. Second, they assume that the 
gas must have more water than the sensors 


indicate and they overtreat it, adding cost. 
The first situation could contribute to a 
safety incident, whereas the second hurts 
profitability. The clear need to solve both 
challenges is a water content measure- 
ment that is correct and consistent. 


Traditional tunable diode laser ana- 
lyzers. From a theoretical standpoint, a 
tunable diode laser absorption spectros- 
copy (TDLAS) analyzer is arguably the 
most effective mechanism to measure wa- 
ter content in natural gas. Using an infrared 
wavelength laser, it is possible to isolate the 
very distinct peaks in the wavelength ab- 
sorption spectrum that are indicating wa- 
ter and other components in the stream. 
This means that the analyzer can provide a 
water content measurement unaffected by 
glycol, methanol, amine or H,S. While this 
underlying capability is a matter of phys- 
ics, putting it to work in a way that is prac- 
tical and usable in a typical operating envi- 
ronment is challenging for manufacturers. 

TDLAS analyzers are, by nature, very 
stable and rarely need calibration. The 
sensor itself is not subject to drift or 
problems from chemical contamination. 
However, the supporting mechanisms can 
challenge effective operation. For exam- 
ple, a TDLAS analyzer is optical in nature, 
so designs employ mirrors and lenses to 
direct and focus the beam from the source 
to the detector (FIG. 3). 

The sample gas flows through the 
measurement cell—the space where the 
beam passes. When the sample contains 
free liquids, there is an opportunity for 
flooding the cell. If the mirrors become 
coated, then the beam can be attenuated 
or blocked. When such problems eventu- 
ally occur, the cell requires service; how- 
ever, it may take operators some time to 
realize this type of problem. 

These difficulties stem largely from 
the sample conditioning system. It must 
capture contaminants and deliver a clean 
sample to the measurement cell, but it 
must not affect the water content. The 
system must also control temperature and 
pressure of the sample gas to ensure ac- 
curacy and repeatability. When servicing 
is necessary, some analyzer designs can be 
very complex or impossible to disassem- 
ble, with extensive tweaking required as 
part of reassembly. Some analyzers call for 
matched sets of components, requiring ex- 
pensive replacement-part kits, or the end 
user is forced to send the analyzer back to 
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the factory for repair. This can detrimen- 
tally lower measurement uptime availabil- 
ity in critical custody-transfer points. 

Fortunately, TDLAS analyzer designs 
have been evolving to provide operational 
simplicity, while delivering more sophisti- 
cated analysis. 


Analyzer improvements. TDLAS ana- 
lyzer improvements have concentrated on 
three main areas. These include: 

« Transmitter electronics, including 

human-machine interface 
(HMI), data presentation, system 
connectivity and diagnostics 

« Modular construction to simplify 

serviceability, including a sampling 
system, an optical enclosure, 
a sample cell and electronics 

« Enclosure protection for mounting 

versatility. 

A field-mounted analyzer depends 
on its transmitter to perform a very wide 
range of functions. It must support the 
basic metrology calculations to provide 
excellent accuracy, linearity and repeat- 
ability. It must also provide internal HMI 
support for its local display, along with 
connectivity to send its data to a larger 
supervisory control and data acquisition 
(SCADA) system or another automa- 
tion host system. The ability to program 
functions easily and intuitively makes all 
the difference for ease of use and enables 
high measurement uptime, so this capa- 
bility must be provided. 

Desired connectivity options have ex- 
panded to include web server capabilities, 
extending the range of remote data access 
via the internet to any device capable of 
hosting a web browser, such as a laptop, 
smartphone or tablet. This capability is 


particularly critical when an analyzer is 
deployed in a location not easily acces- 
sible by technicians and operators. When 
remote access is combined with internal 
data storage, it is a simple matter for au- 
thorized users to upload gas analysis data 
from extended periods of time. 

In many respects, the most important 
new capability that the transmitter sup- 
ports is internal diagnostics to indicate 
how the unit is functioning (FIG. 4). This 
determines when problems are develop- 
ing that can cause poor readings or a com- 
plete outage. When severe enough, these 
situations must trigger alarms to call for 
immediate maintenance attention. Con- 
tinuous evaluation and reporting should 
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FIG. 3. A gas sample must be contained in 
the space where the beam passes through, 
so a dirty sample can coat optical surfaces. 


TABLE 1. Compounds frequently found in natural gas streams that can damage 


electrochemical measurement methods or make them ineffective (but that 


do not affect a TDLAS analyzer) 


Gas phase Aluminum Phosphorus Quartz Chilled 

contaminant oxide pentoxide crystal mirror TDL sensor 
Methanol Oo (0) O (0) 

Glycol (@) (e) (e) O xX 
Amine ie) (0) O (0) X 
Mercury . X X X X 

H,S . O O . xX 
Hydrogen chloride . O oO . X 
Chlorine ° (0) . ° X 
Ammonia . O ° ° X 


X = Analyzer unaffected 


* = Can cause permanent damage to the sensor O = Can cause slow or inaccurate readings 
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FIG. 4. Analyzer diagnostics include a range of functions related to the sensing cell and 


sampling system. 
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FIG. 5. Robust internals protected in solid enclosures avoid the need for analyzer shelters. 


be done, which have been simplified for 
many types of instrumentation through 
the use of NAMUR 107 alarm categories 
for consistent data presentation. 

Since analyzers need service work 
eventually, modular construction makes 
this task much easier and less expensive. 
Previous designs tended to be difficult 
to access and reassemble, calling for chal- 
lenging adjustments before returning to 
full operation. These requirements could 
cause lengthy outages, leaving users with 
no analysis data. 

However, at present, major functional 
components can be extracted as a unit and 
serviced quickly—or a substitute assem- 
bly, standing by, can be inserted to resume 
operation with minimal delay. When sup- 
ported by detailed diagnostic information, 
a technician knows exactly what needs to 
happen and can have the necessary parts 
in hand before the unit is serviced. 

Analyzers traditionally have a reputa- 
tion for requiring specialized enclosures 
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to protect their delicate mechanisms from 
the harsh surrounding environment. Im- 
provements in construction with more 
robust internals (FIG. 5) allow them to be 
mounted in more environments with a 
broader range of environmental tempera- 
tures. Upgraded enclosures, combined 
with better insulation and enclosure 
heating, permit outside installation, even 
in wet and cold climates. 


Solution to a clear need. Given the 
unsettled nature of energy markets caused 
by the COVID-19 pandemic, the impor- 
tance of monitoring critical attributes of 
pipeline gas is very high. With changes in 
gas fields and the growth of renewables, 
there is every reason to take nothing for 
granted. Keeping pipelines and other 
equipment in reliable and safe operation 
calls for knowing when corrosion might 
be happening internally, and this is driven 
to a large extent by condensation combin- 
ing with other contaminants. 


Pipeline natural gas is routinely moni- 
tored for a range of attributes and com- 
position at sources and transfer points, 
but the reliability of these measurements 
is no better than the technologies applied 
and their operators. Where water content 
is critical, operators have depended on 
electrochemical techniques, often with 
hit-or-miss results from poorly perform- 
ing sensors. In other cases, operators 
struggle to keep finicky analyzers work- 
ing properly and are often forced to re- 
turn them to the factory for repair. 

Both of these challenging situations 
can be solved through improved TDLAS 
analyzers, which can deliver a high degree 
of accuracy combined with an easy-to-use 
operator interface and reliable construc- 
tion. On a continuous basis, with readings 
only seconds apart, operators can tell if 
gas quality specifications are met or if re- 
medial actions need to be taken. They can 
also continuously monitor the analyzer 
by watching diagnostic data. 

Ifa problem is developing due to high- 
ly contaminated gas, operators will know 
if the reading data is impaired in any way, 
and they will understand exactly what 
actions are necessary to correct the situ- 
ation. Operators do not need to be close 
by, as improved connectivity means that 
they can access the analyzer from virtu- 
ally anywhere. While gas supplies are in 
question, it is important to know that the 
analysis is reliable. HP 
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Implementation of averaging level control 
using native DCS functions 


When applying averaging level control in a process plant, 
engineers can typically choose between proportional integral 
derivative (PID)-based control, such as p-only, gap and non-lin- 
ear, or a model-based control like optimal averaging level con- 
trol. PID controllers allow the level to go outside of limits when 
disturbances are larger than the assumed maximum disturbance 
used during tuning. Model-based controllers will be more suc- 
cessful in keeping the level between limits, as no assumed maxi- 
mum disturbance is used during tuning. However, model-based 
control requires additional hardware and software and typically 
runs at a slower execution interval of approximately 1 min. 

Two simplifications of model-based averaging level con- 
trollers are proposed here. They ensure that levels stay within 
limits in the same way as model-based controllers. They can 
run at fast execution intervals, as they can be directly imple- 
mented on a standard distributed control system (DCS). 

The first method is a simplification of the control of im- 
balanced ramps in standard advanced process control (APC) 
software, called the ramp horizon controller. Here, the process 
model is also simplified to use a gain only. The controller uses 
a pre-defined time, called the ramp horizon, during which the 
limits may not be exceeded. If no limits are exceeded within 
the ramp horizon, then no controller moves are implemented. 
If a limit violation is predicted, a move is implemented that is 
large enough to prevent the calculated violation only. 

The second method is a simplification of the optimal aver- 
aging level controller, called the simplified optimal averaging 
level controller (SOALC). By simplifying the process model to 
a gain only, the calculations required by the controller are de- 
creased enough to enable implementation on a standard DCS. 
The SOALC then calculates the minimum controller moves 
that must be made continuously to reduce the rate-of-change 
of the level to zero at the time it reaches the approached limit. 


Averaging level control. Many plants have feed drums with 
tightly tuned level controllers that essentially reduce a drum 
to nothing more than a pipe, wasting the initial capital outlay 
of installing the drum. Averaging level control will allow the 
level to move away from setpoint to allow the controller to re- 


duce movement of the output, which should stabilize down- 
stream processes. 
Averaging level control is typically done by using prop- 
erly tuned PID-based controllers’” or by using model-based 
controllers**5* designed to minimize controller output (OP) 
movement. The PID controllers include p-only,’ proportion- 
al-integral (PI), gap and non-linear techniques,’ typically 
implemented as standard algorithms on modern DCSs° and 
programmable logic controllers (PLCs) and running at execu- 
tion cycles of 1 sec or faster. 
A shortcoming of PID-based controllers is that they are typ- 
ically tuned to accommodate an assumed maximum size dis- 
turbance.”*"° Ifa larger disturbance is encountered, the desired 
upper or lower limits for the level will be exceeded. This often 
leads control engineers to make conservative estimates for the 
maximum size disturbance that may be encountered. If smaller 
disturbances than these occur, these controllers will not make 
full use of the buffer capacity. 
Model-based control is performed using APC software that 
will normally operate on dedicated control servers that com- 
municate via a network connection to the DCS or PLC. These 
controllers typically run at 1-min execution cycles. 
Model-based controllers will make full use of the buffer ca- 
pacity by letting the level move between the high and low lim- 
its. Disadvantages of model-based control include: 
¢ Additional hardware and software are required. 
¢ A network connection is used to link the controller 
to the DCS or PLC. 

* Once the controllers have allowed the level to 
move up to a limit, consecutive disturbances in the 
same direction will cause the level to exceed the limit, 
albeit not by a large amount. 

Two new control methods are proposed that are simplifica- 
tions of model-based averaging level control techniques. Ben- 
efits include: 

¢ They run ona modern DCS using its standard control 

functionality. 

* They run at < 1-sec execution cycles. 

* They take full advantage of the available buffer capacity. 
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* They do not exceed limits if larger than expected 
disturbances occur. 


Ramp horizon controller. Ramp horizon control is a simplifi- 
cation of the way level buffering is done by an APC.° A timespan 
or ramp horizon is selected during which the high and low lim- 
its imposed on the level may not be exceeded. The trajectory of 
the level is estimated, based on the current position and current 
rate-of-change. OP moves are only made if the estimated trajec- 
tory will violate a limit within the ramp horizon. If no violation 
is predicted, no OP moves are made. 

The algorithm is initiated by calculating the current ramp 
rate (Eq. 1): 


RR=(L,-L,,)/i (1) 


where: 

RR = Current ramp rate, % per execution cycle 

L,, = Level at current execution cycle, n (%) 

L,_; = Level at execution cycle, n-i (%) 

i= Number of execution cycles used to calculate ramp rate. 

Consider the example shown in FIG. 1. The ramp rate is cal- 
culated by subtracting the current process value (PV) of the 
level (which is 50) from a previous value of 45 at Time 2 and 
dividing that by the time difference of two intervals to obtain 
the current rate-of-change of the level of 2.5% per interval. The 
value of i should be large enough to minimize noise and small 
enough to limit the amount of lag introduced. 

Next, the change in level over the ramp horizon is calculated 
by Eq. 2: 


AL = RRx RH (2) 


where: 
AL = Amount that the level is predicted to change over the 
ramp horizon 
RH = Ramp horizon. 
In the example, the ramp rate of 2.5%/cycle is multiplied 
by the ramp horizon of 10 execution cycles. This calculates the 
change in level over the ramp horizon to be 25% (Eq. 3): 
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FIG. 1. Ramp horizon controller. 
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Lay = Lh, + AL (3) 


where: 

L,, «z= Predicted value of level at ramp horizon. 

In the example, 25% is added to the current value of the 
level of 50% to calculate the predicted value of the level at the 
ramp horizon to be 75%. If this predicted value does not violate 
the high or low limit, no OP moves are made. However, the 
predicted value violates the high limit of 70%, so an OP move 
will be calculated and implemented. 

A controller gain is calculated initially by either using step 
test data or calculating the volume of liquid between the high 
and low limits on the drum. The gain is the change in the level 
rate-of-change that will result when the OP is moved up by one 
engineering unit (Eq. 4): 


Gain = (RRs a RR wigs) /AOP (4) 


where: 

Gain = Ramp horizon controller gain, % level/ 

execution cycle/% OP 

RR, = Ramp rate when steady state is reached after step 

was made 

RR inisici = Ramp rate at steady state before step change 

was made 

AOP = Step change in OP that was made. 

For this example, a step test was conducted with the ramp 
rate of the level at -2 initially. The OP was stepped up by 4 and 
the ramp rate reached steady state at 6. The gain is calculated 
as 2 using Eq. 4. This indicates a 2%/execution cycle change in 
the rate-of-change of the level for every 1% change in OP. 

Using the controller gain, it was possible to calculate how 
much the OP must be changed to prevent the limit being ex- 
ceeded (Eq. S): 


AOP = (L,,, gy - Limit)/ RH / Gain (5) 


where: 

Limit = Limit towards which the level is moving. 

In the example, the PV error is calculated by taking the dif- 
ference between the predicted value of the level at the ramp 
horizon and the exceeded limit—this is 5% in the example. We 
now need to calculate how much the OP should be moved so 
that the level will be at 70% at the ramp horizon. Dividing the 
error by the ramp horizon calculates the desired change in the 
rate-of-change for the level to be 0.5%/interval. Dividing this 
value by the controller gain shows that the OP must be moved 
up by 0.25% to change the trajectory of the level just enough so 
it will be on the limit at the ramp horizon. 

This will prevent the level from exceeding the limit at the 
ramp horizon. However, as the level will still be approaching the 
limit, the controller during the next execution cycle will once 
again predict that the limit will be exceeded. It will implement 
another controller move to ensure that at the ramp horizon, the 
level will still be inside the limit. Ifno other process influences 
the trajectory of the level, this process will be repeated until the 
rate-of-change of the level reaches 0 as it reaches the high limit. 

When arelatively small disturbance causes a change onalevel 
that is controlled by using the ramp horizon method, the predic- 
tion will initially not show that a limit will be exceeded within 
the ramp horizon. As the level then goes towards a limit, no OP 
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moves will be made. As time passes, the level will approach the 
limit and at some stage a small violation will be predicted. An 
OP move will be calculated to change the rate-of-change of the 
level such that the level will be on the limit at the ramp horizon. 

At the next execution cycle, the prediction will show a small 
violation again, as the level is still moving in the direction of 
the limit. Once again, a small OP movement will be calculated 
to bring the level to the limit at the ramp horizon. This will be 
repeated until the cumulative OP moves will bring the rate-of- 
change of the level to zero when the level reaches the limit. No 
attempt is made to return the level to a setpoint (SP) value or to 
move away from limits. 

Because this method will allow the level to achieve limits while 
making small OP moves to ensure the limits are not exceeded, 
the risk remains that continuous or consecutive disturbances 
in the same direction may occur once the level has reached the 
limit. When this happens, the controller will not be able to keep 
the level between the imposed limits. If this occurs and the level 
moves outside a limit, the ramp horizon controller will return the 
level to the limit that was exceeded using the same algorithm. 

Because the method simplifies the response of the level by 
calculating a gain only, it ignores any dynamic behavior. Com- 
bining this with measurement noise, unmeasured disturbances 
and the possibility of an incorrect gain being used may lead to 
imprecise control action. However, in a short execution cycle, 
the level measurement that is taken as input and the rate-of- 
change of the level that is calculated at every execution cycle 
continuously update the controller error. This compensates for 
the possible inaccuracies in measurement and control. 


SOALC. Optimal averaging level control*'"” is accomplished 
using model-based control software to calculate the smallest 
moves that can be made continuously to allow the level to at- 
tain a zero rate-of-change when it reaches the limit. While op- 
timal averaging level control requires model predictive control 
software running on a dedicated server, the approach may be 
simplified in the same way as the ramp horizon controller to 
allow running the algorithm natively on a standard DCS at a 
higher frequency. 

If the dynamics of the level are ignored and only the abso- 
lute value of the level and its current rate-of-change are used 
to calculate the future trajectory of the level, an approach 
like the optimal averaging level controller may be developed. 
If the current rate-of-change of the level is extrapolated from 
the current value of the level, limit violations can be pre- 
dicted. The OP move required during every execution cycle 


until the level is balanced at the limit can then be calculated. 

Because dynamics are ignored, this approach will not be as 
accurate as a model-based controller. Like the ramp horizon 
controller, a short execution cycle, the level measurement that 
is taken as input and the rate-of-change of the level that is cal- 
culated at every execution cycle will continuously update the 
controller error and will ensure adherence to limits. 

If a level is currently at PV, with a positive rate-of-change 
of ROC,, and a high limit of H that will be exceeded based on 
an extrapolation of ROC,, then a sequence of n OP moves of 
size x must be calculated to balance the level at H. The total 
move of the OP over the control horizon must be (Eq. 6): 


dOP=x.n (6) 


If a controller gain (G) is defined as the change per execu- 
tion cycle in the rate-of-change of the level brought about by 
increasing the OP by 1%, then (Eq. 7): 


dOP = ROC,/G (7) 
Combining Eqs. 1 and 2 yields Eq. 8: 
x= ROC,/(Gn) (8) 


If the level begins at the current PV with the current rate- 
of-change and ends at the high limit with the rate-of-change at 
0, the initial and final conditions must be as shown in TABLE 1. 

Ifa step of size x is made every execution cycle, then the rate- 
of-change of the level will be decreased by «.G every execution 
cycle. The level will also increase by the current rate-of-change 
per execution cycle. Therefore, TABLE 2 can be calculated. 

In TABLE 2, the first column shows the Execution cycle. The 
second column shows the Level measurement, calculated as 
the previous value of the level plus the change in the level. The 
change in the level will be the Rate-of-change in the level dur- 
ing the previous Execution cycle, as shown in Column 4. 

For example, during Execution cycle 3, the previous value 
of the level was calculated as PV, + ROC, + ROC, - x.G. If the 
change in level seen in Column 4 (ROC, — 2.x.G) is added, 
the value for the level at Cycle 3 is calculated as PV, + ROC, + 
ROC, — x.G + ROC, - 2.x.G. This is simplified in Column 3 to 
PV, + 3.ROC, — 3.x.G. 


TABLE 1. Initial and final conditions for SOALC 


Variable Initial value Final value 
Level PV, H 
Rate-of-change ROC, Zero 


TABLE 2. Change in level and rate-of-change over control horizon 


Execution Rate-of-change Change 
cycle Level, showing changes per cycle Level, changes added of level in OP 

0) PV, PV, ROC, Xx 

1 PV, + ROC, PV, + ROC, ROC, - x.G Xx 

2 PV, + ROC, + ROCg - x.G PV, + 2.ROCo - x.G ROC, - 2.x.G Xx 

3 PV, + ROC, + ROC, - X.G + ROC, - 2.x%.G PV, + 3.ROC, - 3.x.G ROC, - 3.x.G Xx 

4 PV, + ROC, + ROC, - X.G + ROC, - 2.x.G + ROC, - 3.xX.G PV, + 4.ROC, - 6.x.G ROC, - 4.x.G Xx 

5 PV + ROC, + ROCg - X.G + ROC - 2.x.G + ROC - 3.X.G + ROC) -4.xX.G PV_ + 5.ROC - 10.x.G ROC, - 5.x.G Xx 

n H PV, +n.ROC, - (0.5.n?7-0.5N)xX.G ROC, -n.x.G ) 
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At the Execution cycle n, the controller has made the last 
move of size x, which will cause the rate-of-change of the level 
to become 0 at the high limit. Therefore, at Row n in TABLE 2, 
the value of the level is H and the rate-of-change is 0. 

To calculate the level at Execution cycle n in terms of x, 
PV, and ROC,, Column 3 of TABLE 2 is set equal to H. In cal- 
culating the equation in Column 3, Row 1, the coefficient of 
PV, should be 1 and the coefficient of ROC, should ben. The 
series of coefficients for the term x.G (0, 1, 3, 6, 10...) shown 
in Column 3 can be calculated as 0.5n? - 0.5n. Therefore, the 
value of the level at Cycle n can be expressed as PV, + n.ROC, 
— (0.5.n? — 0.5n)x.G, as shown in the last row of Column 3 in 
TABLE 2. 

Combining H = PV, + n.ROC, - (0.5.n? — 0.5n)x.G and Eq. 
8 yields Eq. 9: 


x=0.5 x ROC, x ROC, / [Gx (H-PV,-0.5x ROC,)] (9) 


Eq. 9 calculates by how much the OP must be changed dur- 
ing every execution cycle to balance the level at the high limit. 
As stated before, dynamics on the level model may cause inac- 
curacies, but as the value and rate-of-change of the level are 
measured every execution cycle, the inaccuracies are remedied. 

In the same way, it can be calculated in Eq. 10 that: 


x= 0.5 x ROC, x ROC,/[Gx (L-PV,-0.5 x ROC,)] (10) 


will balance the level at the low limit (L) if the level is moving 
downward. 
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FIG. 2. Level response to a step disturbance of 5 m3/hr. 
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FIG. 3. OP response to a step disturbance of 5 m?/hr. 


SIMULATION RESULTS 

To test the ramp horizon and SOALC, a level was simulated 
and subjected to step disturbances of different sizes. A standard 
non-linear or error-squared PID controller* was used as com- 
parison and tuned to handle a maximum disturbance of § m3/hr. 

To measure the success of the control, the variance of the 
OP derivative (VOD) was measured." 

Ifa control method can minimize total OP movement over 
time or prevent the OP from moving in one direction ini- 
tially and then moving back later when the limits would not 
have been exceeded if no moves were made, this would be a 
big advantage in improving plant stability. There were no per- 
formance metrics in literature that highlighted this behavior. 
To test to what extent this occurs, the average of the absolute 
moves (AAM) of the OP of a controller, as shown in Eq. 11, 
was developed as an additional performance indicator: 

(11) 


AAM =[Zabs(OP,- OP,_,)] /N 
Positive step disturbance of 5 m?/hr. When responding to 
a positive step of S m*/hr in the feed to the drum, FIG. 2 shows 
how the controllers all managed to keep the level below the high 
limit of 70%. FIG. 3 shows how all the controllers moved their 
OPs by the same total amount. This is as expected, because the 
volume balance must be restored to bring the rate-of-change of 
the different levels to zero. 

TABLE 3 shows that the controllers performed similarly when 
considering the VOD and the same on the AAM. This is be- 
cause all the controllers moved their OPs by exactly 5% over the 
time horizon considered. 


Positive step disturbance of 6.25 m°/hr. If the distur- 
bance size is increased by 25%, FIG. 4 shows how the non-linear 
controller was unable to keep its level below the high limit of 
70%. This is because it was tuned to accommodate an assumed 
maximum disturbance of § m*/hr. Both the ramp horizon con- 
troller and the SOALC managed to keep the level within the 
limit. TABLE 4 indicates how the VOD showed slightly poorer 
performance from the SOALC and ramp horizon controllers, 
while the AAM is the same as before. FIG. 5 also shows how the 
ramp horizon controller and SOALC initially moved their OP 
faster to prevent the level from exceeding the limit. The VOD 
shows slightly poorer performance from the SOALC, while the 
AAM is the same as before.!*!!” 
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FIG. 4. Level response to a step disturbance of 6.25 m3/hr. 
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Positive step disturbance of 3.75 m°/hr. If the magnitude 
of the disturbance is decreased by 25%, FIG. 6 shows how the 
non-linear controller did not use the full range allowed for level 
buffering. FIG. 7 shows how the ramp horizon controller initially 
did not move its OP because a limit violation was not predicted 
within the defined time horizon. Later, the controller then had 
to move the OP faster to prevent a limit violation, which in- 
creased its VOD (TABLE 5). 


Plant test. A ramp horizon control was deployed ona feed drum 
toa reactor in an industrial plant. The feed to the drum varies and 
the existing PI gap controller was tuned to keep the OP as steady 
as possible while maintaining the level within limits of 30%-70%. 
If the low level is exceeded, the reactor feed pumps will cavitate; 
if the high level is exceeded, a high-level protection controller 
will send reactor feed material to another process where the feed 
material would be converted to a lower value product. 

The ramp horizon controller results were compared to the 
original PI gap controller and analyzed using the VOD and 
AAM, as well as visual inspection of the PV and OP trajectories. 

Data of the feed to the drum were collected and used as dis- 
turbance data to a simulated level controlled by a ramp horizon 
controller. Tuning was then refined to minimize the standard 
deviation of the OP. 

The controller was commissioned, and data was collected 
for a period of 1 mos. This was compared to data collected dur- 
ing the same month of the previous year to eliminate seasonal 
influences, as far as possible. The data sets show that the ramp 
horizon controller managed to maintain the level between 30% 
and 70%, while the PI gap controller allowed the level to vary 
between 36.7% and 84.7%. 

Data where the controllers were switched to MAN were ex- 
cluded. This accounted for 11.9% of the data for the ramp hori- 
zon controller and 19.7% for the PI gap controller. 


TABLE 3. Performance metrics for a step disturbance of 5 m?/hr 


Non-linear Ramp horizon SOALC 
VOD 0.073 0.074 0.067 
AAM 0.041 0.041 0.041 


TABLE 4. Performance metrics for a step disturbance of 6.25 m?/hr 


Non-linear Ramp horizon SOALC 
VOD 0.098 0.115 0.097 
AAM 0.051 0.051 0.051 


TABLE 5. Performance metrics for a step disturbance of 3.75 m?/hr 


Non-linear Ramp horizon SOALC 
VOD 0.05 0.056 0.041 
AAM 0.031 0.031 0.031 


TABLE 6. Performance metrics comparing ramp horizon 


controller and PI gap controller 


Ramp horizon PI gap 
VOD 0.09 O11 
AAM 0.013 0.018 


FIG. 8 shows one day’s data while the ramp horizon controller 
was used. When comparing this with one day’s data from the PI 
gap controller in FIG. 9, the ramp horizon controller moved the 
OP less than the PI gap controller, but it had to move it faster 
when it was required to remain between limits. 

All metrics shown in TABLE 6 indicate that the ramp horizon 
controller outperformed the PI gap controller. The simulation re- 
sults show how the non-linear PI controller will perform similarly 
to the ramp horizon and SOALC when a disturbance of the exact 
size that was used to tune the non-linear PI controller occurs. 

When a disturbance occurs that is larger than was assumed to 
tune the controllers, the non-linear PI controller will allow the 
level to move outside the limits. As the ramp horizon and SO- 
ALC calculate a response that is not based on an assumed maxi- 
mum disturbance, they will maintain the level within limits. 

When a smaller disturbance occurs, the ramp horizon may 
make no changes initially and the SOALC will make small 
changes throughout. They both allow the level to reach the lim- 
it. In this case, the non-linear PI controller will prevent the level 
from going to the limit, using only part of the available buffer 
capacity offered by the drum. Consequently, the non-linear PI 
controller will move the OP more aggressively than the ramp 
horizon and SOALC controllers. 

The plant test shows how the ramp horizon controller out- 
performed the non-linear PI controller by: 

* Keeping the level within limits 

* Implementing smaller and fewer moves. 
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FIG. 5. OP response to a step disturbance of 6.25 m?/hr. 
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FIG. 6. Level response to a step disturbance of 3.75 m3/hr. 
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FIG. 7. OP response to a step disturbance of 3.75 m3/hr. 
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FIG. 9. Drum level controlled with Pl gap controller. 
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FIG. 8. Drum level controlled with ramp horizon controller. 


Takeaway. The proposed SOALC and ramp horizon control- 
lers will maintain levels within limits when disturbances oc- 
cur that are larger than what was assumed during tuning and 
commissioning. Both controllers will outperform a traditional 
PI controller in minimizing OP movement. Additional control 
hardware and software will not be required to implement them 
if the plant is controlled by a modern DCS. 

Because the level and rate-of-change of the level are calcu- 
lated at every cycle, and they run at a high execution rate, noise 
and tuning errors can be accommodated. 

As these controllers do not attempt to return the level to SP, 
consecutive disturbances in the same direction will allow the 
level to move outside the set limits. When this happens, the 
ramp horizon controller will return the level to within limits 
while the SOALC will have to revert to PID control until the 
level is within limits again. 

When attempting averaging level control on a plant with 
disturbances of varying sizes, ramp horizon control or SOALC 
can be used. This will ensure that levels remain within desired 
limits while moving the OP less than traditional PID-based 
methods, while minimizing OP movement. 

However, some challenges exist in the implementation of RH 
and SOALC. Since both the ramp horizon and SOALC will al- 
low the level to reach limits while making the smallest OP moves 
to ensure the limits are not exceeded, the risk remains that dis- 
turbances that push the level in the same direction as before 
may occur once the level has reached the limit. If this occurs, the 
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SOALC will not return the level to the limit that was exceeded 
using the same algorithm. Eqs. 9 or 10 will move the OP in the 
wrong direction, aiding the disturbance that pushed the level 
outside its limits. When this happens, the error will grow and 
the SOALC will accelerate the OP movement in the wrong di- 
rection. While this might occur infrequently, reverting to PID 
control when the PV is outside limits is recommended. FP 
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Quantum leap in chemical plant safety and 
reliability through mobile technology 


The human factor has played a signifi- 
cant role in chemical plant accidents and 
production loss incidents over the past 
60 yr. Process equipment design, fabri- 
cation, metallurgy and control systems 
have improved significantly within this 
time frame. The human factor might be 
the most critical element in safe chemical 
plant operations. 

The authors have identified certain 
critical plant activities where mobile tech- 
nologies can advance human-machine 
interaction, thus improving plant safety 
and productivity. Activities dependent on 
human factors (such as operator rounds, 
routine and non-routine tasks, and plant 
emergencies) can be handled effectively 
with mobile technology. 

A proprietary plant management soft- 
ware solution® helps operators safely run 
plant operations through data and docu- 
ments, rather than from memory and ex- 
perience. Equipping plant personnel with 
the right procedures and documents re- 
duces stress and errors and supports better 
decision making during emergencies. This 
system also enforces discipline and stream- 
lines the plant’s operational functions, such 
as compelling an operator to be physically 
present near the equipment at the time of 
operator rounds. Making technical docu- 
ments intelligent and accessing them any- 
where on demand through mobile tablets 
raises an entry-level operator’s knowledge 
level to mimic that of a highly experienced 
operator. Implementation of the system 
has empowered plant personnel to per- 
form efficiently, thus reducing plant acci- 
dents and production loss incidents. 

This comprehensive plant manage- 
ment software solution interacts with 


plant machinery, plant resources and 
plant personnel to improve productivity 
and safety. It automates the shift activity 
log process and enhances communica- 
tion and transparency of plant operation- 
al activities. It ensures a fail-proof, timely 
completion of critical work orders and 
shift activities. 

Operators spend most of the time 
with plant equipment (ie., assets). They 
are the first to sense if something is wrong 
or abnormal about the equipment’s op- 
eration or condition. If operators are 
empowered, they can correct many 
problems at the incipient stages, or work 
closely with the maintenance team to 
tackle significant problems, which leads 
to operator-driven reliability. 

The three main areas in plant opera- 
tion where the human factor plays a criti- 
cal role are: 

1. Routine operations: Daily 

operator rounds and routine tasks 

2. Effective communication: 

Between the operators, 
supervisors and management, 
using shift descriptive logs 

3. Non-routine operations: 

Startups and shutdowns. 


Routine operations. As a part of rou- 
tine operations, the supervisor manages 
and coordinates a shift, while panel op- 
erators control the plant by distributed 
control systems (DCSs) and human- 
machine interfaces, and the field opera- 
tors make inspection rounds to ensure 
that equipment is functioning properly. 
The current system does not fully use the 
field operators when plants are running 
normally. When the plants have upsets 


or shutdowns, they receive instructions 
from the control room and the supervisor 
to open and/or close manual valves and 
restart equipment. During normal opera- 
tion, the proprietary system can mold the 
field operator into a precious resource. 
Field operator rounds. Field opera- 
tor rounds are critical tasks carried out 
by plant personnel to ensure that every 
piece of equipment in the plant area is 
functioning properly. The system pro- 
vides an intuitive interface for the opera- 
tor to smoothly collect data, and assists 
to make meaning out of the data collec- 
tion process. The system automatically 
feeds the log sheets that are required to 
be completed at a particular time for a 
particular area. Within the proprietary 
system, order and tag names are identical 
to ones used in paper log sheets (FIG. 1). 
This method enables familiarity with the 
system, thus reducing the learning curve. 
An option to view historical data is 
helpful when a reading is not within op- 
erating parameters and past data is re- 
quired for verification. When physically 
near equipment, electronic tags placed on 
equipment provide relevant log sheets. If, 
for instance, a reading cannot be taken 
due to a faulty gauge, then a standard 
message can be chosen that raises a report 
of all the faulty gauges in the plant for the 
supervisor to follow up on. The system 
is menu-driven and effortless to follow, 
and requires the operator’s physical pres- 
ence near the equipment to open the log 
sheets to input the equipment’s readings. 
The readings are all stamped as to date, 
time and name, which helps to preserve 
the authentication, authorization and ac- 
countability aspects of plant safety. 
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Continuous monitoring of key per- 
formance indexes. Traditionally, equip- 


3. Energy monitoring ona real-time 


basis and shift basis 


Plant management software helps operators run 


their plant safely with reliable data and documents, 
rather than from memory and/or experience. 


ment and catalyst performances are evalu- 
ated quarterly, biannually or annually. 
However, due to new digital software, per- 
formance calculations can now be com- 
pleted as frequently as a reading set is taken. 
Compressor performance, exchanger heat 
duties and heat transfer coefficients can 
be tracked as frequently as operators take 
readings. At any time, operators are able to 
pull up trends on polytrophic efficiencies 
of rotating equipment, catalyst approaches 
to equilibrium and poisoning rates, and 
exchanger heat transfer coefficients. This 
provides personnel the ability to make 
meaningful decisions about equipment 
performance based on calculated parame- 
ters rather than on implied process param- 
eters. With live field readings, precursors to 
equipment failures and safety incidents are 
able to be determined ahead of time. 
Along with DCS readings, field equip- 
ment readings are integrated to monitor 
and generate an automated reporting sys- 
tem for the following: 
1. Key performance indicators 
(KPIs) of plant operability 
2. Real-time operation reports 
geared to provide operating 
personnel key information on 
plant performance 


List: AN-NA Prill Tower DCS (AN-NA Prill Tower DCS) 


4. Daily and/or monthly production 

reports on plants or sites 

5. Equipment/asset performance on 

a real-time basis 

6. Catalyst performance. 

These reports help identify any de- 
teriorating equipment conditions, even 
those that do not generally come back 
to the DCS. Real-time data, along with 
historical data, is readily made available, 
which is critical for troubleshooting. 

Follow-ups on routine work. The 
system follows up on pending work or- 
ders and tracks them, along with addi- 
tional items, such as: 

- Ensuring that operators prepare 

chemicals to maintain levels 

« Tracking standby equipment for 

changeovers 

« Providing forms to fill field 

vibration and skin temperature 
readings 

« Aiding lube oil top-ups and 

scheduled oil analyses 

« Sending reminders to operators 

regarding routine tasks, along with 
those tasks that are still pending to 
be completed 

« Ensuring that plant reliability 

elements are effectively managed 
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FIG. 1. The proprietary plant management software solution? provides an identical look to paper 
log sheets, enabling familiarity with operations and reducing the learning curve. 
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and tracked, thus significantly 
reducing plant shutdowns due to 
reliability issues. 
Checklists. Apart from regular 
operator readings, checklists that 
are used for data collection should 
be given equal importance. Pre- 
startup checklists, safety checklists, 
preventive and corrective check- 
lists, field inspection checklists, 
personal protective equipment 
checklists, hazard analysis checklists, fu- 
gitive emission checklists and flare moni- 
toring checklists are some of the critical 
checklists that are automated, and the 
data collected can be archived and tracked 
to check for issues. This also helps in the 
effective implementation of process safe- 
ty management (PSM) elements. Making 
checklists digital saves unnecessary trips 
to the control room or file cabinets. 
Lockout/tagout (LOTO). Improper 

LOTO procedures are one of the major 
causes of accidents and fatalities. During 
a shutdown, the supervisor and operators 
manage several activities—and errors 
with manual work permits and logout pro- 
cedures can prove fatal. The proprietary 
system logically groups isolation points 
by task or trade and creates automated 
packages. These prebuilt packages can 
then be retrieved when required. Docu- 
ments can be linked to equipment. The 
LOTO process associated with equip- 
ment isolation or confined space entry 
is greatly enhanced by automatically in- 
structing the necessary lockout points. 
The system prints all the necessary tags 
for hot work and cold work permits and 
shows where to display them. The super- 
visor can perform a LOTO field verifica- 
tion with the click of a button. 


Effective communication. Effective 
communication is very critical in chemi- 
cal plant operations, and this is why plants 
invest in expensive radio systems to pro- 
vide interference-free, real-time commu- 
nication. While voice communication is 
essential, many traditional communica- 
tions occur through a physical operator 
logbook and whiteboards. This leads to in- 
efficiencies in proper tracking and follow- 
ups. Therefore, to optimize operations, it 
is necessary to have a digital operator log 
that tracks all of the communication. 
Communication of operation. Effec- 
tive communication and timely follow-up 
among plant personnel are vital to plant 


safety and reliability. The proprietary 
system enables real-time communication 
from field operators to the panel operator, 
supervisor and management through mo- 
bile devices. Work permits in progress, 
LOTOs performed and equipment iso- 
lation are all adequately communicated 
across shifts. Through a context-aware 
system, when the operator physically ap- 
proaches the problem area, personnel are 
automatically notified. Many accidents 
and production loss incidents occur not 
because the operational personnel did not 
know there was a problem in the plant, 
but because they failed to act promptly. A 
problem faced 6 mos prior, which was not 
remedied due to any reason, can become 
a significant incident in the future. The 
proprietary system tracks all reported 
problems by the field operators to the su- 
pervisor, along with instructions from the 
supervisor, and keeps active reminders in 
place until the problem is fixed. It sends 
reminders and follow-ups on tasks such 
as pending work orders and unclosed in- 
structions from the supervisor. When a 
critical task is not carried out, the system 


sends texts and alerts to both the operator 
and supervisor (FIG. 2). 

Shift supervisor log. The proprietary 
software helps the shift supervisor pre- 
pare a comprehensive shift report (ie., a 
descriptive log) by automatically popu- 
lating shift activities. The system tracks 
the activities performed during the shift, 
such as work orders, chemical prepara- 
tions, scheduled activities, safety toolbox 
and training, equipment changeovers, 
observations, notes and completed tasks. 
The system helps in effective coordina- 
tion between maintenance and opera- 
tions. Tracking these shift activities at the 
field level, along with their completion, 
also improves plant performance. Sched- 
uling and tracking the makeup of chemi- 
cals for shift consumption, and tracking 
timely completion of equipment change- 
overs, are essential to plant reliability. 

The system tracks shift instructions 
given to operators, along with notes writ- 
ten by operators and information regard- 
ing the status of shift activities. Alerts 
regarding incomplete activities are pro- 
vided during the shift so that appropri- 
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ate remedial actions can be taken. Such 
alerts are escalated to plant management 
if these remedial actions are not complet- 
ed within the allocated time and priority. 
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FIG. 2. Notifications on plant activities 
provide an effective means of communication, 
increasing plant reliability and safety. 
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Web-enabled shift supervisor descriptive 
logs promote increased communication 
about shift activity and transparency. 
Temporary fixes performed to an issue 
or a malfunction that requires follow-up 
and/or similar scenarios are appropri- 
ately communicated, documented and 
tracked within the system. 


Non-routine operations. From 1970- 
1989, 60%-75% of major accidents in 
continuous processes occurred during 
non-routine modes (principally startup 
and online maintenance modes). This 
trend has continued unabated for most 
of the process industry to the present 
day. Therefore, a greater emphasis must 
be given to non-routine operations in the 
plant. Although routine operations are 
of high priority for the operator, person- 
nel are responsible for taking care of all 
activities that pertain to their area. The 
following are several critical, non-routine 
jobs that an operator handles: 

1. Performing non-routine 
inspections, such as reformer tube 
metal temperature monitoring, 
electrical systems and infrared 
thermography, surface vibration 
monitoring, relief valve leak 
testing, fugitive emissions testing 
and checks on rupture disk 
integrity 

2. Attending hazard and operability 
(HAZOP) study meetings 

3. Attending meetings regarding 
plant modifications and standard 
operating procedure (SOP) 
change reviews 

4. Conducting plant tours for 
visitors and contractors 

5. Reviewing plant piping and 
instrumentation diagrams. 

Effectively following up on non-rou- 

tine jobs improves plant reliability. The 
proprietary software helps operators 
streamline their daily activities, along 
with non-routine and case-based tasks. 
This software addresses the following 
critical parameters that enhance the safety 
and efficiency of non-routine operations: 

e Procedure accuracy and clarity 

(the most cited root cause of 

accidents): 

° A procedure typically needs to 
be 95% accurate to help reduce 
human error; humans tend to 
compensate for the remaining 5% 
of errors in a written procedure. 
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° A procedure must convey 
the information (there are 
approximately 25 rules for 
structuring procedures to 
accomplish this) and be 
convenient to use. 

¢ Checklist features should be 
used and enforced, either in the 
procedure or in a supplemental 
document. All the SOPs and 
checklists are made available 
in a digital format through the 
proprietary software. 


¢ Training, knowledge and skills: 


° Initial training must be useful. 
Demonstration-based training 
should be conducted on each 
proactive and reactive (e.g., 
alarm response) task. Making 
the training materials accessible 
(such as taking quizzes through 
integration with learning 
management systems) greatly 
enhances the learning experience 
during operator training. 

° Ongoing human action 
validation is required and 
usually must be repeated (in 
either actual performance 
or drills/practice) at least 
once per year. For human 
factors, the action must also 
be demonstrated to be quick 
enough to be effective. This 
is completed by offering 
recertifications and by 
providing safety videos and 
other multimedia materials 
that are designed to refresh the 
operator’s memory. 

° The human performance must 
be documented and retained 
to demonstrate that the error 
rates chosen are valid. Since 
every action is documented 
electronically, the operator can 
be evaluated quickly and then 
efficiently trained on how to 
prevent the errors in the future. 


e Communication: 


Miscommunication— included in 
instructions, a set of instructions or 
the status of a process—is one of 
the most common causes of human 
error in the workplace. Proper 
documentation through electronic 
operator logbooks helps maintain 
better communication across all 
parties of management and shifts. 


¢ Human system interface: Factors 
to control include layout of 
equipment, displays, controls and 
their integration to displays, alarm 
nature, control of alarm overload, 
labeling, color coding, and fool- 
proofing measures, among others. 
Operators are provided with digital 
documents that are critical for 
performing their job. These digital 
documents are available at the touch 
of a finger, saving a trip to the control 
room or administration building. 


Takeaway. We live in a digital era where, 
every day, decision-making processes 
are influenced by data and information 
systems, which has helped to increase 
efficiency by avoiding mistakes and un- 
wanted delays. The process of offering a 
similar workplace approach and empow- 
ering people to have the right data and 
documents relieves personnel of handling 
stressful situations not with just memory 
and experience, but also with tools and 
technology. This, in turn, improves the 
quality of the people and significantly re- 
duces preventable failures and downtime 
attributed to human error, resulting in 
millions of dollars in potential savings. FP 


NOTE 
* Fitiri’s PlantMS software 
~ ARUNKUMAR MURUGAN is the 


Director of Software Engineering 

at Fitiri. He has an extensive 
background in software engineering 
and in developing solutions to 
automate and augment personnel 
at their work environment. After 
joining Fitiri, he has been involved in interacting 

with ammonia plant operators, supervisors and 
managers, as well as in the development of PlantMS, 
a comprehensive plant operations management 
solution. Mr. Murugan earned a Bch degree in 
information technology from Anna University in India. 
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IRPC Process Technology: The latest advancements 
in process technologies 


The impact of COVID-19 has not 
changed the need for information on in- 
novative, developing technologies that 
can revolutionize business, improve effi- 
ciencies and streamline processes. 

Each year, Hydrocarbon Processing 
hosts technical events to provide the lat- 
est technologies and services that are op- 
timizing the refining and petrochemical 
industries. The International Refining 
and Petrochemical Conference (IRPC) 
brings together leaders in the down- 
stream processing industries to discuss 
best practices and advancements in pro- 
cessing technologies. 

IRPC Process Technology will show- 
case world-leading technologies in con- 
ventional and energy transition processes 
within the refining and petrochemical 
industries. The innovative virtual confer- 
ence will be held June 2-3 and will pro- 
vide a platform for knowledge-sharing, 
networking and making business connec- 
tions with downstream leaders. 

The two-day event will be highlighted 
by timely keynote presentations. These 
include: 

¢ Transforming refineries to 

minimize carbon footprint 
and maximize handprint: 
Petri Lehmus, Vice President, 
Research and Development, Neste 
¢ The future role of the 
technology licensor: 
Leon de Bruyn, Chief Executive 
Officer, Lummus Technology 
e Market drivers impacting 
demand for biofuels and 
alternative refinery feedstocks: 
Mark Schmalfeld, Global Marketing 
Manager, BASF 

e What does the energy transition 

mean for the oil and gas industry? 


Cees de Regt, Senior Principal 
Consultant, DNV. 

The keynote presentations will be fol- 
lowed by a three-track agenda that will 
focus on dozens of technologies advanc- 
ing the processing industries into a sus- 
tainable world (TABLE 1). 

These sessions will feature process- 
ing technologies from companies such 
as Axens, BASF, Braskem, Clariant, Dow 
Chemical, DuPont Clean Technologies, 
Eni, Haldor Topsoe, Honeywell UOP, In- 
vista Performance Technologies, Johnson 
Matthey, KBR, Linde, Lummus Technol- 
ogy, MyRechemical, Reliance Industries 
Ltd., Shell, Sinopec, Sulzer, Technip En- 
ergies, W. R. Grace and Worley. 

IRPC Process Technology is a free on- 
line event; however, you must register to 
attend. More information can be found 
by visiting www.HydrocarbonProcessing. 
com/Events. Individuals can register for 
the event, view the latest agenda, learn 
more about sponsorship opportunities 
and the benefits of IPRC Process Technol- 
ogy’s digital platform. The full agenda will 


also be available in this month's digital edi- 
tion, which is open access for all readers 
of the magazine: https://www.nxtbook. 
com/nxtbooks/gulfpub/hp_202105S. 
Additional benefits of attending 
Hydrocarbon Processing’s IRPC Process 
Technology digital event include: 
¢ No travel—aAll presentations can 
be viewed from anywhere with 
an internet connection 
« Engaged participation—An 
enhanced chat function enables 
viewers to speak and ask questions 
of various presenters 
« Enhanced archives—Registrants 
can access event presentations, 
whitepapers, marketing collateral, 
etc., for one year 
« Networking—The digital platform 
contains an enhanced virtual 
networking system to enable 
attendees to “meet” and chat with 
speakers and other attendees. 
IRPC Process Technology will be fol- 
lowed by IRPC Operations, to be held 
virtually September 21-22. FP 


TABLE 1. Technologies featured at IRPC Process Technology 


Refining Petrochemicals 
Conventional processing technologies 

Distillation Ethylene 

Fluid catalytic cracking/hydrocracking Propylene 


Alkylation 


Refinery-petrochemicals integration 


Coking 
Sulfur/treating 


Energy transition technologies 


The green refiner 


Emissions reduction 


Alternative fuels, biofuels and clean fuels 


Sustainability 


Plastics recycling 


Sustainability 


Emissions reduction 


Circular economy 
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Extended digital 
transmission portfolio with 
edge-enabled transformers 
and switchgear 


Siemens Energy has extended its 
switchgear and transformer portfolio 
with Edgeformer™ and Edgegear™, pre- 
senting the first high-voltage devices with 
edge computing. The new generation of 
digitally enabled transmission products 
and systems opens new possibilities for 
grid operators to benefit from data-driven 
applications by deploying them within 
the local substation network. 

The shift to an increasingly decarbon- 
ized energy landscape poses tremendous 
challenges to grid operators that require a 
new way of managing the energy system. 
The digitalization of power transmis- 
sion assets in the substation, the heart of 
any electrical power distribution system, 
plays an important role to manage the in- 
creased feed-ins of renewable energy and 
the exponential increase of complexity. 
While most digital solutions for substa- 
tion assets rely solely on equipment with 
cloud connectivity, edge-enabled trans- 
mission products like Edgegear and Edge- 
former offer new possibilities to connect 
equipment directly within the substation 
without having to forego the benefits of 
cloud-based solutions like app-based data 
analytics. Edge computing technology 
enables faster computing capabilities for 
quicker decision-making as well as data 
storage and processing onsite. 

With edge computing, the data is kept 
offline in the substation without com- 
promising a seamless, secure and easy 
integration into the existing customer 
IT-landscape. The result is a highly cy- 
bersecure system. Siemens Energy’s edge- 
enabled transformers and switchgear will 
come with app-based data analytics and 
asset management. 

With Edgeformer and Edgegear, every 
transmission system operator will have ac- 
cess to value-added applications, enabling 
them to respond faster to changes in the 
system and increase asset transparency, 


productivity and reliability. Edgegear, for 
example, provides operators with real- 
time partial discharge analyses as well as 
gas and oil leakage prediction supported 
by artificial intelligence and machine 
learning, allowing grid operators to man- 
age their networks more effectively. 


Ultra-compact flowmeter 
for utilities and 
industrial automation 

KROHNE has introduced the AF-E 
400 ultra-compact electromagnetic flow- 
meter (FIG. 1) for utilities and industrial 
automation applications. It is specially 
designed to fit in applications with little 
installation space available (e.g., in cool- 
ing lines of welding equipment, bending 
machines and robots, or on chemical 
dosing skids). AF-E 400 matches the re- 
quirements of application areas in heat- 
ing and cooling/temperature control, 
machine building of washing or dosing 
equipment, HVAC, and utilities and in- 
dustrial automation applications in all 
process industries. 

KROHNE has examined issues with 
products in this segment and developed 
the cost-effective, ultra-compact flow- 
meter to be best-in-class in terms of 
temperature range, accuracy, pressure 
drop and flow range: AF-E 400 features a 
stainless-steel housing and is suitable for 
continuous use at > 90°C (> 194°F) liq- 
uid temperature, allowing for operation 
in very demanding cooling and hot water 
applications. The round bore reduction 
of the sensor makes the flowmeter more 
resilient in terms of increased pressure, 
ensuring high accuracy over a wide pres- 
sure and temperature range, and a high 
turndown ratio without risk of cavita- 
tion. The integrated temperature mea- 
surement eliminates the need for an ad- 
ditional sensor, minimizing the intrusion 
points in the pipe and providing more 
data from the process. 

AF-E 400 also features extensive self- 
diagnostics: the meter continuously mon- 
itors several critical aspects, including low 
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FIG. 1. The KROHNE AF-E 400 ultra-compact 
electromagnetic flowmeter. 


supply voltage, incorrect parametrization, 
flow range exceedance, or short circuit on 
any of its outputs. Warning messages— 
according to NAMUR NE107—alert the 
user via the rotatable full-color display or 
the communication outputs. 

Due to the special design of its mag- 
netic circuit, field strength and electronics, 
AF-E 400 is immune to crosstalk caused by 
magnetic field overlap of adjacent devices, 
and can be installed in series or in parallel 
up toa distance of 2 mm/0.08 in. from de- 
vice to device without interference. 

Nominal sensor sizes reach from 
DN6...25/ %...1 in. for flowrates up to 
150 1/min/40 gpm as standard, and up 
to 500 I/min/132 gpm on request. Out- 
put options include 4...20 mA, pulse, fre- 
quency, switch, IO-link or Modbus to 
provide operators with multiple sensor 
and application data for smarter factory 
automation. AF-E 400 is sold from stock 
and shipped within 48 hr. 


Maintain critical 
temperature in 
multi-fuel boilers 

Ensuring that steam turbines run at 
maximum efficiency is directly dependent 
on the steam’s temperature entering the 
turbine. Higher steam temperatures mean 
higher efficiency and lower emissions. 
With a highly controlled temperature, the 
turbine can produce more power with the 
same amount of fuel. 

For ultra-super critical (USC) multi- 
fuel boiler technology, accurate tempera- 
ture measurement from 5$50°C-700°C 
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FIG. 2. JOFRA RTC Series reference temperature calibrators from AMETEK STC. 


FIG. 3. KNF expands its series of smooth flow 
liquid pumps with its FP 70. 


(1,022°F-1,292°F) is essential. Any devia- 
tion in temperature can result in increased 
maintenance, higher risk of a shutdown 
and a reduced lifetime. 

Turbines use temperature sensors to 
monitor the inlet steam to avoid these tem- 
perature deviations. However, these sen- 
sors may drift over time, so regular calibra- 
tion is required. Because the temperature 
and demand for accuracy are exceptionally 
high, finding the right piece of equipment 
to calibrate these sensors is challenging. 

AMETEK STC has the solution with 
its JOFRA RTC Series Reference Tem- 
perature Calibrators (FIG. 2). The RTC 
temperature calibrator series includes 
seven models covering a total range from 
-100°C-700°C (-148°F-1,292°F). The 
RTC-700 model features a temperature 
range from 33°C-700°C (91°F-1,272°F), 
allowing it to calibrate steam turbine sen- 
sors. In addition to its highly accurate 
internal sensors, the RTC temperature 
calibrator can be combined with the 
patented DLC system to provide perfect 
temperature uniformity inside the insert. 
It also features an advanced simplicity in- 
terface, so learning how to use the calibra- 
tor takes just minutes. 

With an accuracy of + 0.29°C, stabil- 
ity to + 0.02°C, and perfect temperature 
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homogeneity in the insert, the RTC-700 
temperature calibrator with the DLC sen- 
sor is the ideal solution to ensure these 
critical turbine temperature sensors are 
working as intended. 


Diaphragm liquid pump 


With the introduction of FP 70, KNF 
further expands its series of smooth flow 
liquid pumps (FIG. 3). This product line 
combines the low pulsation of a gear or 
centrifugal pump with the strengths and 
advantages of diaphragm pumps. 

The KNEF FP 70 delivers up to 850 
ml/min while producing up to 29.4 psig 
(2 bar) pressure under continuous opera- 
tion. Thanks to the patented four-point 
valves, the KNF FP 70 is reliably self- 
priming, even at very low motor speeds. 
It also can safely run dry, handles liquid 
transfer gently and cleanly, and is available 
with chemically resistant flow path ma- 
terials. The integration of the pulsation 
dampening technology eliminates the 
need for additional pulsation dampening 
elements and tubing when using the KNF 
FP 70, thus reducing space requirements 
vs. a pump-plus-damper approach. 

The versatile FP 70 is available with 
a selection of motors to match the func- 
tionality and lifetime requirements of 
the application: from high-end BLDC to 
lower-end DC motors. Depending on the 
operating parameters, the high-end BLDC 
motor achieves a lifetime of more than 
20,000 hr. Furthermore, the parameters of 
these motors can be customized at KNF to 
dial in the desired control behavior, perfor- 
mance characteristics and pump accuracy. 
Additional options include a selection of 
hydraulic connections and a variety of flow 
path materials, including an NSF food- 
grade version. Combined with all these op- 


tions is KNF’s ability to further optimize 
pumps to customer needs at any lot size. 
The FP 70 is well suited for a wide 
range of applications, including medical 
technology, inkjet, 3D printing and ana- 
lytical instruments. It joins a growing line 
of KNF smooth flow liquid diaphragm 
pumps that now boasts a flowrate range 
spanning from 120 ml/min-12.4 1/min. 


Membrane for 
carbon capture 


Compact Membrane Systems (CMS), 
a pioneer in separations technology, has 
developed a new membrane for captur- 
ing carbon dioxide (CO,) out of flue gas. 
This is the third addition to CMS’s Op- 
tiperm™ product portfolio (after separat- 
ing olefins from paraffins and upgrading 
biogas) and is aimed at reducing green- 
house gas emissions. 

Early results show promise, with the 
high-flow membrane consistent with a 
$20/t cost of carbon capture. These re- 
sults position Optiperm carbon as more 
cost-effective than many alternative CO, 
capture methods and in an economically 
attractive range for current projects and 
incentives. Optiperm carbon will scale up 
on CMS’ existing Optiperm technology 
and manufacturing platform. 

With the sustainable energy transition 
in motion, it is vital to reduce greenhouse 
gas emissions from existing processes in 
the short term to continue to produce re- 
liable and affordable power. A majority of 
the world still relies on fossil fuel technol- 
ogy for power and coal-fired power plants 
account for 30% of global CO, emissions. 
Carbon capture technology allows users to 
filter and sequester the CO, at the source 
and reduce emissions by up to 90%. Foul- 
ing resistant membranes hold promise for 
carbon capture because they can be scaled 
to the size of the application and require 
lower energy usage and operational cost 
than existing carbon capture technologies. 

Optiperm carbon is a fluoropolymer 
facilitated transport membrane with anti- 
fouling properties. The initial lab results 
show a permeability of 4000 GPU-6000 
GPU, a 3x improvement over the industry 
standard. The high GPU and resistance to 
fouling are expected to significantly de- 
crease the cost of carbon capture. Work is 
continuing to scale up the membrane on 
the same spiral wound platform as exist- 
ing Optiperm products. FP 


